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ABSTRACT
Electronic and optoelectronic device processing is commonly thought to be incompatible with
much simpler thermal drawing techniques used in optical fiber production. The incorporation of
metals, polymer insulators, and chalcogenide semiconductors into structured fibers has reversed
this paradigm and made it possible to realize optoelectronic device functionalities at fiber optic
length scales and cost. In spite of the surprising robustness of this processing technique, the
electronic performance and complexity of these optoelectronic fiber devices has been
constrained by the small set of materials compatible with the fabrication method and the
disordered nature of the semiconductor. Specifically, the high density of defects inherent to the
amorphous chalcogenide semiconductors precludes the ability to create spatially extended
internal electric fields necessary to create more sophisticated devices such as diodes and
transistors. In this work, the design, fabrication, and characterization of the first fiber-integrated
diode is described. The relevant optical, thermal, and electronic properties of candidate materials
compatible with the thermal fiber drawing process are described and measured. Phase changing
semiconductors are incorporated into the fiber having both amorphous properties amenable to
thermal drawing and crystalline properties ideal for electronic devices. Combinations of metals
and semiconductors that form both blocking and non-blocking contacts are identified and
combined to form the first diode device that is compatible with the thermal drawing process.
Techniques are developed to reduce the dimensions of the resulting devices by an order-of-
magnitude compared to all previous multimaterial device fibers. A series of measurements of
both compositional and potential spatial variation are used to determine that compound
formation at specific metal semiconductor interfaces control the rectifying behavior of the fiber
integrated rectifying junction. This work demonstrates the ability to synthesize compounds
during fiber drawing to create complex electronic structures and combine them to form basic
building blocks of circuits into arbitrary long fiber, paving the way to increasingly complex
electronic structures and truly intelligent fibers and fabrics.
Thesis Supervisor: Yoel Fink
Title: Associate Professor of Materials Science
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Chapter 1: Introduction and Background
1.1 Introduction
When the word 'fiber' comes to mind one may first think of fibers that make up
the fabrics and clothes that we wear from day to day. Another may think of long silica
optical fibers that pass information across the ends of the earth, making up the fabric of
our modern digital lifestyle. Each of these types of fibers have been engineered over
time, thousands of years in the case of woven fibers and less than a hundred in the case of
optical fibers, to perform their job exceedingly well. But they are only composed of one
material and only perform one function. What if multiple materials could be incorporated
into a fiber? How would the fiber functionality change? What could be done that has
never been done, or even thought of, before? There has recently emerged a class of fibers
composed of multiple, entirely different materials- materials with wholly different
optical properties, thermal properties, and electrical properties. These new fibers have
been shown to transmit,' and even reflect,2 light at wavelengths never before possible
with traditional optical fibers. They can function as fiber lasers3 that emit radiation from
the azimuthal direction, unlike any other fiber laser before in which laser emission only
comes from the edges in the fiber axis direction. These new fibers can detect light4 5 and
heat6 and determine from which direction the radiation come from. They can even be
woven into fabrics that can function as lenses and large-area detectors, too big to be
practical for conventional microprocessor manufacturing techniques. In this thesis I will
describe my contribution to this new class of multimaterial fibers, the design, fabrication,
and characterization of rectifying junction device fibers. The introduction of non-ohmic
junctions into these devices is expected to have profound impact on the functionality and
performance in fiber based devices. And the fabrication techniques I have developed are
pushing the size of individual elements within these fiber devices more than an order-of-
magnitude below what was previously possible.
The organization of this thesis is as follows. The first chapter will give a general
introduction to the challenges of multimaterial fiber device fabrication and the types of
fibers that have been previously developed. Additionally, other methods of fiber device
fabrication beginning to appear in the scientific literature will be surveyed and compared.
The second and third chapters will characterize the relevant materials properties of
insulators, semiconductors and metals necessary for the fabrication of new multimaterial
rectifying device fibers. The fabrication and characterization of such devices is discussed
in chapters 4 and 5, respectively. Suggested future work and final conclusions will be
given in chapter 6.
1.2 Multimaterial Device Fibers
Detailed studies of the challenges in materials identification and fiber fabrication
are laid out in theses by Dr. Shandon Hart,7 who first developed the multilayer photonic
bandgap fiber, and Dr. Fabien Sorin,8 who first incorporated metal into the fibers creating
metal-semiconductor photodetecting devices. This section will define the challenges of
fabricating fibers composed of multiple, very different materials and sets of materials that
fit these stringent requirements. Emphasis will be given on fabrication, especially in the
chalcogenide glasses.
The difficulty in finding different materials with similar thermal fiber processing
characteristics, good adhesion, and very different optical or electrical properties was
thought to be insurmountable. This line of thinking was summed up by Russell and
Knight, two leaders in the field of microstructured optical fibers, who said that, "...fibers
are limited by the small refractive index contrasts attainable between core and cladding
materials (which need to be thermally compatible)". 9 After surveying a wide range of
amorphous materials used in optical fibers, Dr. Hart found two families of materials that
do all of these things quite well. Inorganic chalcogenide glasses have high refractive
indices in the range of 2.2 and 3.5 as well as the ability to modulate the softening
temperature from approximately 1000 to 5000 C through alloying. Amorphous
thermoplastic polymers have low indices of refraction and, through a variety of
compositions and grades, may have softening temperatures anywhere between less than
O'C to upwards of 250 0 C. The fiber processing regimes of arsenic triselenide, As2Se 3,
and arsenic trisulfide, As2S3, match that of the engineering thermoplastics
polyethersulfone, PES, and polyetherimide, PEI, particularly well. Dr. Hart developed
novel techniques to fabricate multilayered structured fibers out of these two classes of
materials. Further theoretical and experimental work showed that the high surface energy
and non-wetting behavior of the materials combination would suggest the multilayer
structure is not thermodynamically stable. However, the high viscosity of the materials
during drawing can delay the onset of capillary breakup to time periods much longer than
the fiber drawing time. Furthermore, using the Ralyeigh-Tomotika model, Dr. Hart was
able to create a materials selection map for predicting the ultimate attainable feature size
in the multilayer fiber drawing system. More recently, Daosheng Deng further refined
Dr. Hart's viscosity model, and, along with this author, was able to experimentally show
how the ultimate attainable length scale does vary with viscosity by drawing multilayer
structures of As2 Se 3 and PES and another pair consisting of polyether sulfone (PSU) and
glassy selenium, whose viscosity is approximately five orders-of-magnitude smaller than
that of As2Se 3 during fiber drawing.'0 Perhaps the most exciting part of this work is the
discovery that the structured layers of the low viscosity material breaks up not into
droplets, but extended filaments that may, in principle, extend the entire length of the
fiber. The result is the ability to make extremely long nanofilaments or nanowires of
chalcogenide glasses like As2Se 3 or glassy or crystalline Se.
The theoretical work by Deng and Hart would suggest that the low viscosity of
liquid metals leads to capillary breakup of layered structures at time scales much shorter
than thermal fiber drawing. Drs. Fabien Sorin and Mehmet Bayindir were able to show
that large amounts of metal could in fact be incorporated into performs and fibers if the
shape of the metallic elements was not that thin films but rather near equilibrium
rectangular shapes. By combining the metallic electrodes with the insulating polymer
and photoconductive chalcogenide glasses, one-dimension, distributed photodetectors
extending the entire length of the fiber may be fabricated.4 As light impinges on these
optoelectronic fibers, electron-hole pairs are excited in the chalcogenide semiconductor,
decreasing the series resistance between the metal electrodes. When the electrodes are
connected to an external circuit, voltage may be applied to the semiconductor and current
through the system is monitored. The change in resistance that occurs when light
impinges on the fiber is then easily observed as a change in current.
1.3 Multimaterial Device Fiber Fabrication
The first step in fiber processing is the fabrication of the chalcogenide
semiconductor. These are fabricated by the well-known melt quenching method." High
purity elements including germanium, selenium, tellurium, and arsenic, among others, are
introduced into quartz ampoule in the appropriate weights inside a glove box. A valve is
attached to the open end of the ampoule so that the elements are not exposed to the
atmosphere upon removal from the glove box. The ampoule is then attached to a vacuum
and evacuated. Although the elements are high purity and stored under inert atmosphere
often additional purification steps are necessary. Oxides of selenium and arsenic may be
removed by heating under vacuum for 1-2 hours at 2500 C. A cold trap is attached to the
vacuum line to prevent volatile oxides and contaminates from reaching the pump.
Arsenic in particular should be heated until its color changes from a dull grey to a shiny
metallic color. Upon purification, the ampoule is sealed with a propane-oxygen torch.
The sealed ampoule and elements are then slowly heated to 600-8000C. The heating rate
must be slow to allow time for any vapors that form to equilibrate with the solid phase.
Ampoules may explode if the vapor pressure reaches too high of a level. Typical heating
rates are in the 2-4 0 C/min. The ampoule is then allowed to homogenize at elevated
temperature for at least 12 hours. After this time the rocking mechanism of the custom
furnace is switched on so that the entire furnace and ampoule are rotated about a point to
further agitate the melt to ensure complete homogenization. Finally the melt is quenched
in water and then annealed for 1-2 hours at a temperature slightly below its glass
transition to reduce residual stresses from the fast quench. The glass is allowed to slowly
cool to room temperature and then may be removed from the ampoule. Using this
method, large rods of chalcogenide glass having diameters of 6-12 mm and lengths of
more than 160mm may be consistently and easily fabricated. Figure 1.1 shows a picture
of the glass fabrication system and two large rods of glass fabricated with this method.
Two Zone Furnace -_
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Fig. 1.1. Chalcogenide glass fabrication equipment and bulk rods produced by the melt-
quench method.
There are two principle ways of incorporating the chalcogenide glass into
perform, typically resulting in two separate classes of fiber called thin-film or multilayer
and solid core fibers.12 The fabrication steps for both methods are summarized in figure
1.2. In one method, thin films of chalcogenide glass are thermally evaporated from bulk
pieces unto polymer substrates (a). This polymer/chalcogenide bilayer may be rolled
around a mandrel to form an alternating structure of high and low index of refraction (b).
Thin films of chalcogenide glasses may also be contacted by metal electrodes using the
same method as in part (c) where either a glass rod or thin film of the semiconductor
glass is inserted into a polymer tube fabricated to precisely match the outer diameter of
the rod. The tube is composed of the same polymer that will be used throughout the
preform. Metal electrodes having dimensions of the slots are inserted into the tube so that
they touch the semiconductor. In early device fibers, the slots were cut out of the tube
free-handed with a Dremel ® tool. This process is time consuming and even though a
skilled practitioner could make reasonably rectangular slots, each space is inevitably
variable in size. This means that each individual electrode must be custom cut to fit the
slot. Increasingly, the slots are cut out with an endmill. This allows one to use the same
drill bit for each cut, resulting in a consistent, standardized electrode size. Metal
electrodes having the same size as the slot may be made or commercially procured and
are easily fitted into the polymer slots with little additional fitting. Standardizing the
electrode and slot saves time and increases repeatability of the fiber draw process
substantially. Several additional layers of cleaned, dry polymer are wrapped around the
structure (either multilayer or device) in order to provide mechanical support and
robustness (d). These layers are termed the 'cladding'. Finally the structure is heated
under vacuum at a temperature slightly above the glass transition of the polymer until the
roll fuses into a single solid structure. The preform is now complete. It will be thermally
drawn (e) into tens to hundreds of meters of fiber. When the process is performed
correctly, the initial perform structure (f) is accurately replicated and scaled into the fiber
(g).
10 T HERMAL EY.PORAfTION
I
Macroscopic
Preform
Kilometer-long
Nanostructured Fiber
Fig. 1.2. Steps in fiber fabrication described in text (after reference 12).
The preform is drawn into tens to hundreds of meters of fiber in an optical draw
tower. The draw tower (shown schematically in 1.3a and pictured in figure 1.3b) consists
principally of a downfeed mechanism that controllably inserts the preform into a three
zone furnace that heats it until it is soft and a motorized capstan that pulls the resulting
fiber out of the furnace. The furnace upper zone preheats the preform structure to near the
polymer glass transition. The middle zone, the warmest of the furnace, is set high enough
for the preform to reach a viscosity on the order of 105 Poise during the time it is in this
zone. At this viscosity the materials will flow very slowly over extended times or more
quickly when stress is provided. The capstan at the bottom of the tower provides this
stress by controllably pulling the resulting fiber into the bottom zone, set at a low
temperature to begin cooling the fiber, and out of the furnace. In steady state, the
diameter of the fiber is thus controlled by the rate the preform is fed into the furnace and
the rate at which fiber is pulled out. The fiber drawing process is monitored by laser
micrometers and a tension meter and controlled by the furnace temperature and capstan
drawing speed. The desired outer diameter is set by the experimental goals. In multilayer
fibers, the photonic stopband is set by the individual layer size, and thus by the fiber
diameter. The outer diameter of device fibers is typically not experimentally critical.
Fibers 1 mm in diameter are typically convenient. The best fibers are drawn at as high
stress as possible, determined by dividing the tension force by the circumferential area of
the fiber. Unfortunately, the ultimate attainable stress before fiber failure is not known.
Empirical rules are developed for each type of fiber to give a general rule. Stresses more
than IMPa are typically attainable.
Fig. 1.3 (a) Schematic diagram and (b) photograph of optical draw tower used to
fabricate multimaterial device fibers.
The interplay between furnace temperature and draw speed on fiber diameter and
stress is shown in figure 1.4 where data from a typical device fiber draw is shown. As the
first fiber is drawn from the beginning of the preform, the viscosity and stress is low.
The temperature is then sharply dropped until the stress begins to stabilize (meters 1-5).
As the draw progresses, the metal electrodes approach the mid zone and begin to absorb
heat. The temperature must be increased to maintain the stress (meters 5-12). When the
metal reaches the drawing zone, a large increase in diameter is observed, resulting in a
sharp drop in stress (meter 13). The stress must be again raised to desired levels by
increasing the fiber draw speed and dropping the mid zone temperature. After this
transient, steady state is reached and the stress and diameter remain nearly constant for
the remainder of the draw (meter 15 to the end). Only slight modifications to draw speed
and furnace temperature are needed as more preform leaves the furnace as fiber and less
heat is necessary to maintain the draw.
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Fig. 1.4. Profile of a typical device fiber draw. (A) Furnace temperature and draw speed
are set during fiber drawing to control (B) the fiber diameter and stress.
Using these methods a variety of composite multimaterial fibers have been
developed and are summarized in figure 1.5.12 In (a) and (b), alternating layers of high
and low refractive index form a Bragg mirror with a photonic stopband that can be scaled
to efficiently reflect light of any wavelength from the mid-IR all the way to the UV
regime by simply changing the layer thicknesses. This stopband may line a hollow fiber
core to guide and transmit light through the fiber or it may be wrapped around the outside
of the fiber to reflect externally incident light. Figs. 1.5 (f) and (g) demonstrate the ability
to guide or reflect light of different wavelengths. In particular, the white LED of (f) is
separated into a series of colors by fibers that transmit one specific wavelength and
allowing the other wavelengths to leak out. The multilayer Bragg mirror may also be
combined with a gain medium as in part (c) to create a novel fiber laser.3 All previous
fiber lasers consisted of long fiber sections doped with a gain medium and polished fiber
ends that functioned as the mirror. Spontaneous emission from the gain medium is
reflected by the mirrors, causing amplified emission and finally laser emission at the fiber
ends. In this new fiber laser, the Bragg mirror both guides the pump light along the axial
direction and functions as a resonator cavity in the radial direction. The end result is that
laser emission comes from the surface of the fiber in the direction perpendicular to the
pump light. The laser emission pattern is another unique aspect of the surface emitting
fiber laser. When using a gain medium such as organic dyes, the laser emission pattern
follows the dipole emission characteristics of the molecule and also behaves dipole-like.
Furthermore the spatial orientation of the dipole depends on the polarization of the pump
light. Thus the direction of laser emission may be rotated by simply rotation the
polarization of the pump. Parts (d) and (e) represent the incorporation of metals into the
fibers and there connection to the chalcogenide semiconductor to form photo- or thermal-
detecting devices. The semiconductor may be either the form of a thin film (d) or in the
form of a bulk rod (e). In either case, the devices can function as individual extended
detectors or are incorporated into fabrics and arrays of fibers interfaced with software to
determine the exact location of the point of excitation, creating exciting opportunities in
large area detection and even lens-less imaging systems.
insuiatng Gain Amorphous
Polymer Medium SemtconCuctors
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Fig. 1.5. (top row) schematic diagrams of (a) optical transmission fibers, (b) optical
reflection fibers, (c) surface emitting fiber laser, (d) thin-film photodetecting fiber, (e)
solid core photodetecting fiber. (bottom row) Experimental demonstrations of the above
devices.
1.4 Other Methods of Fabricating Device Fibers
Other groups are developing different methods of fabricating device fibers. Some
are transferring planar designs onto 3D substrates. Others are taking materials from these
planar designs and creating novel device geometries. Often devices are composed of
organic semiconductors, but traditional inorganic crystalline semiconductors are being
increasingly integrated into high temperature optical fibers for both electronic devices
and new optical properties. Rather than build multiple materials and complex geometries
into performs and thermally drawing down to fiber, most of these techniques use pre-
drawn optical fibers as substrates for post-processing. A major advantage of these
techniques is the ability to incorporate common or ideal semiconductor and metal
materials into fiber devices that are not necessarily compatible with fiber drawing
methods. However, most of these post processing techniques are intrinsically small
scale, making them unsuitable for creating extended devices over a few centimeters.
O'Connor et al have transferred standard organic light emitting diode13 (OLED)
and organic photovoltaicl 4 (OPV) device designs to three dimensional substrates by
thermally evaporating the materials onto rotating silica optical fibers. Devices are divided
into 1 mm segments by patterning of the top cathode. Light either originates from or
impinges on the semiconductor structure from around the fiber surface, meaning that the
cathode layer must be optically thin. The fiber devices perform nearly as well as their
planar counterparts and demonstrate unique features of angle-independent performance,
as the fiber device may be thought of as a continuum of many small devices, each being
normal to the fiber surface at their location. Although this technique utilizes proven
device geometries, the transparency requirement of the top electrode should significantly
increase the series resistance of the fiber device. Thus single devices cannot extend over
long lengths.
Recently the company Konarka has demonstrated the ability to dip-coat organic
semiconductors onto conductive metallic wires and combine them with metal electrodes
to form extended lengths of -3% efficient photovoltaics. The key to achieving this
efficiency is the use of conductive counter electrodes so that large surface areas can be
used for charge generation and the series resistance of the electrodes do not reduce the
over all efficiency. 15
Liu et al have taken a similar approach. 16' 17 Starting with silica fiber substrates,
conductive indium tin oxide (ITO) is deposited by a sol-gel process, after which the
combination of organic semiconductors poly(3,4-ethylenedioxythiophene)-poly(styrene
sulfonate) and poly(3-hexylthiophene/1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C61
(P3HT:PCBM) are dip coated. Finally LiF and aluminum electrodes were thermally
evaporated onto the fiber to complete the device. In contrast to the photovoltaic fiber
devices fabricated by O'Connor, incident light is coupled into the silica core where some
amount leaks into the device 'cladding' layers. This novel design is advantageous
because a common problem with photovoltaic devices is the (often) competing desires of
having optically long devices to efficiently absorb as much incident radiation as possible
and electrically short devices to maximize charge separation and extraction. This device
geometry effectively allows one to create thin devices ideal for efficient charge
separation and charge extraction while having enough material to maximally absorb the
incident photons. Typical devices are a few centimeters long, but there is little reason
they may not extend over much larger lengths. The dip coating technique may be easily
modified to roll-to-roll manufacture, and the outer electrodes may be made as thick as
necessary to support current flow as it does not interfere with light incident on the
structure. These electrodes need not be vacuum deposited, either. There are many
methods of solution depositing metal films.
Other groups are beginning to integrate semiconductors and metals inside of
microstructured optical fibers (MOFs). This may be achieved by building the material
directly into the preform and then thermally drawing the composite down to fiber. Using
this method copper microwires have been directly incorporated into MOFs'8 and high
quality silica-clad silicon fibers have been produced. 19 Semiconductors and metals may
also be incorporated into the air holes of MOFs fibers with post-processing techniques.
Silver films have been deposited around the cores of air holes by chemical bath
deposition. 20 Plugs of germanium have been inserted into air holes by vacuum sucking
the molten semiconductor.2 1  Both the perform-based fabrication and post-drawing
techniques have thus far only been used to modify the optical properties of the fibers.
With the exception of the stack and draw methods used to fabricate the copper and silicon
core fibers, it is difficult to envision how multiple different materials may be incorporated
into the fibers in any way that enables the formation of extended and uniform interfaces
of metals and semiconductors.
One method that may hold promise for incorporating multiple materials and
electronic devices has been advanced by Sazio et al., who use high pressure CVD to
deposit semiconductors and metals inside the core of previously drawn MOFs.22 Using
this method silicon, germanium, and gold were deposited in precise locations. As a
demonstration of the potential utility of this method, a silicon field-effect transistor was
fabricated by depositing metal electrodes on either end of an 11mm segment of fiber.
Gate electrodes were deposited on top of the silica fiber, which functioned as the
dielectric. A definite field effect was observed, as the current between source and drain
depended on the gate voltage. The design is not scalable, however, because increasing the
length of the fiber segment increases the distance between source and drain, therefore
decreasing device performance. This work has recently been expanded to create long
single crystal silicon nanowires 23 and pn junctions by controlling the carrier
concentration and type in both silicon and germanium. 24
There has been some work on fiber-based transistors, in addition to diodes and
photodetectors. The two reported methods fashion the transistors out of multiple fibers in
a fabric. In one method, oriented metal wires are coated with a dielectric and then the
active semiconductor (pentacene).2 5 Mask fibers are then aligned 90 degrees to the gate
wires, and source and drain contact pads are evaporated in the un-masked spaces.
Conducting wires are then woven through the gate wires and contacted to the source and
drain pads. In this fashion, large grids of transistors may be fabricated simultaneously,
suggesting that complex logic functions may be easily built out of chains of the
transistors. The devices perform satisfactorily, with observed semiconductor mobilities
on the order of 1 cm2V s-1, similar to standard planar pentacene transistors. However,
substantial gate leakage currents are observed. Electrochemical transistors have been
integrated into conducting fabrics in a similar fashion.26 Modulation in source drain
current occurs by oxidation or reduction of conducting polymer channels in these
devices. Standard textile fibers were dipcoated with the conducting polymer PEDOT.
Transistors were created by depositing electrolyte solutions at the junction of two crossed
fibers. When a voltage is applied between the two fibers, the PEDOT on one of the
coated fibers may be reduced / oxidized to the non-conducting state while the other fiber
is oxidized / reduced to a more conductive state. In this way either filament may act as a
gate or source and drain depending on the polarity of the applied voltage. Using this
technique, fabrics of PEDOT coated fibers have been fabricated and turned into logic
arrays capable of performing multiple junctions. The fabrication of transistors out of fiber
arrays is an exciting step towards the vision of large area computing, however the ability
to create transistors and logic elements out of single fibers remains missing.
1.5 Conclusions
Several techniques used to fabricate fiber-based electronic devices are reviewed. Each
method has advantages and disadvantages and may find application in different areas in
the future. One chief advantage of the multimaterial fiber drawing technique is the ability
to build multiple devices and functionalities into a single structured fiber. The next
chapters will review the relevant thermal and electronic properties of materials
compatible with the multimaterial fiber drawing technique. Extra emphasis will be given
to the properties that will be most important to the formation of a rectifying junction
within the fiber. For example, the work function of the metal electrodes will be
extensively studied in chapter 2, and the electronic properties of both amorphous and
crystalline semiconductors will be discussed in chapter 3. These new materials and
properties will be important to the fabrication and characterization of the newly
developed rectifying fibers described in later chapters.
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Chapter 2: Materials Selection and Characterization: Metals
2.1 Introduction
Previous multimaterial device fibers utilized metal electrodes merely as electrical
conduits for contacting the semiconductor to the outside world. Hence only the metal's
melting temperature was important. As the electronic structure of new fiber devices
becomes increasingly complex, it is expected that other electronic properties of the metal,
such as the work function, will be increasingly important as well. The work function is an
important parameter in electronic device design because, to first order, the potential
barrier that forms when two materials are joined is equal to the difference in the
materials' work functions. How the work function changes as a function of composition
is an interesting question with implications in several areas including catalysis and
microelectronics where certain electronic properties are desired but must be balanced
with other concerns such as stability and processability. A similar problem exists in the
low-temperature processing of multimaterial device fibers.'
A range of different metal work functions may be required to fabricate devices
with specific properties but the number of materials compatible with the fabrication
technique is determined by the processing temperatures of the other fiber component
materials. The choice of electrode material is constrained by several factors. First and
foremost, the metal must be liquid during the thermal drawing process. This requirement
sets an upper limit on the melting temperature of the electrode to be several tens of
degrees (typically 30-40') less than the thermal drawing temperature to ensure the
electrode is in fact liquid. Experience has shown that a lower limit on electrode melting
temperature exists, as well. If the electrode melts during perform consolidation before
the polymer layers begin to fuse, the metal will flow through gaps and voids in the
preform as well as between polymer film layers until the layers fuse, resulting in poor
electrode confinement. The temperature of fusion/consolidation and thermal drawing is
largely determined by composition of the polymer that makes up most of the preform,
which can range from 200 0C to upwards of 320'C. Thus the ideal melting temperature of
electrode material lies between -140 0 C and 3000 C, depending on the choice of polymer.
If the electrode materials were limited to only elemental metals the possible choices
would be indium (Tm = 157 0C), tin (Tm = 232'C), and bismuth (Tm = 271oC), but metal
alloys may also be used. Many metal alloys are available with melting temperatures
within this range. Depending on the exact composition, alloys have solidus and liquidus
transitions but may also have single melting temperatures (eutectic alloys). Alloys with
incongruent melting transitions (those with liquidus and solidus temperatures) have been
found to be inferior to metal alloys with a single melting transition, i.e. pure metals or
eutectic compositions, in terms of thermal drawing. This is thought to be the case
because for temperatures between the liquidus and solidus, these off-eutectic alloys
consist of both liquid and solid phases. The solid phases do not flow well and cause
bottlenecks in the neck down region of the preform during thermal processing. This
problem can be avoided in principle by selecting off-eutectic compositions with liquidus
temperatures sufficiently below the thermal drawing temperature that they are in fact
completely liquid during fiber drawing. The use of off-eutectic alloys has not been
thoroughly explored to date as there has not been a need to select metal electrode
composition based on anything other than melting temperature. Given these processing
parameters, several metals and eutectic alloys have melting temperatures within the
correct processing regime and may be of interest for electronic devices. These alloys
include Sn 57Bi43 (Tm = 138 0 C), In (Tm = 157 0 C), Sn74Pb 26 (Tm = 183 0 C), Sn85Znl5 (Tm =
199 0C), Sn6 .2Au 93 .8 (Tm = 217 0C), Sn 96Ag4 (Tm = 2210 C), Sn (Tm = 232°C),
Sn 63.6Ag26.9Sb 9.5 (Tm = 233 0 C), Cd73.4Zn 2 6.6 (Tm = 2660 C), Bi (Tm = 2710C), Sn 29.4Au70.6
(Tm = 2800 C).
2.2 The Work Function
The work function of a material is defined as the minimum energy necessary to remove
an electron from the material to a location independent of position in vacuum. There is
no general model for relating a material's work function to other intrinsic properties,
although many researchers have tried to find such a correlation. Perhaps the simpliest
relationship was found by Gordy and Thomas who saw that an element's work function is
roughly linearly related to its electronegativity, X. The relationship between X and work
function can be seen in figure 2.1 and can be described by the equation 2
0 = 2.227X +0.34eV. (2.1)
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Fig. 2.1. Work function of the elements plotted with their electronegativity (after Ref. 2)
Simple metals such as the alkalis fit this trend well, but transition elements with their
more localized d-electrons may deviate noticeably from the trend. Others have tried to
extend the relationship between work function and electronegativity to compounds,
typically using some sort of mixing rule with additional terms to account for deviations,
with various degrees of success.
Yamamoto and coworkers compared the work function of several binary
compounds (primarily consisting of transition metal borides, oxides, carbides, and
nitrides) with the electronegativity of their constituent elements.3 No relation was found
between the arithmetic and geometric averages of the component element
electronegativity and work function. The authors found the strongest correlation between
the compound work function and the X of the least electronegative constituent and
proposed the relationship
-1
AB = A 1.41 2A B - 0.34 2.2)
dA A +B -0.68)
where the second term is essentially a minor correction based on a simple mixing rule (dA
is the covalent bond length). A qualitative fit does exist between the work function
predicted by equation 2.2 and experiment .3
Nethercot found a strong relationship between the work function of simple octet
binary compounds and the geometric mean of the constituent electronegativities. 4 He
proposed the relation in terms of the threshold energy for photoemission (the valence
band maximum in semiconductors and insulators) with an additional term of one-half the
band gap accounting for the Fermi energy being in the middle of the band gap in an
intrinsic material.
E, = 2.86(XAXB) 1/ 2 + Eg /2 (2.3)
The relationship fits with experiment surprisingly well. This may be due to the fact that
the bonding in compounds studied by Nethercot (III-V, II-IV, and I-VII compounds) are
governed by the s- and p-shells while the effects of d-shell electrons must be considered
in transition metal compounds studied by Yamamoto.
Gelatt and Ehrenreich studied the relationship between composition and work
function in disordered substitutional transition metal alloys theoretically.5 This problem is
more complicated than the one considered by Nethercot because the effect of d-shell
electrons must included in any calculation in addition to the valence band (s- and p-
shells) electrons, and the charge transfer between the d-shell and valence band electrons
of the constituent elements must be considered separately. When the charge transfer is
small, the alloy should be disordered. They predicted that the alloy work function was
governed by a simple mixing rule plus an additional term that includes the densities of
states at the Fermi level (p) and arrived at the equation:
PAB = XOA + (1 - x)OB +x(l - x) (0A BXPAPBj (2.4)xPA + (1 - X)PB (2.4)
For the Ag-Au system the above equation suggests the work function of the alloy will be
slightly depressed from the simple mixing value (e.g. the work function of the 50:50 alloy
is less than the average of the two work functions). Fain and McDavid measured the work
function of several AgAu alloys and found that work function depression occurred, the
magnitude of which was much larger than predicted by Gelatt and Ehrenrich.6
Malov and coworkers have studied the change in work function with temperature
and composition for a wide range of alloys in addition to attempting to correlate work
function with phase behavior including In-Bi, In-Pb,7 Bi-Cd, Bi-Sb, Sn-Pb, 8 Cu-Sb, Cu-
In, Cu-Cd,9 Cd-Zn-Sb,'o Sb alloys containing Sn, In, Zn," and sodium alloys. 12 They also
found that the alloy work function was typically less than the value a simple mixing rule
would suggest.
Thus several workers have shown that the work function of an alloy is heavily
weighted by the smallest work function element instead of an average of the two
constituent elements. Gelatt and Ehrenrich were careful to point out that their theoretical
framework applied only for disordered transition metal alloys where the charge transfer
between elements was small. As the charge transfer increases ordering and compound
formation should be expected. One may then reasonably consider whether electrons
more tightly held by ordered compounds will be more difficult to remove from the
material, thus resulting in an increased work function. Li and coworkers measured the
work function of several intermetallic compounds in the Ni-Al, Ni-Fe, and Ni-Ti systems
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while considering their brittleness. 13  Surprisingly, the work functions of these
intermetallics were found to be much closer to that of the large work function element,
and in some cases, larger than either of the constituents. The authors suggest that work
function measurements may provide insight into engineering the brittleness of alloys for
high temperature applications.
The ability to modulate work function while maintaining or enhancing other
properties is of great practical interest in several fields. Field emitters with specific
voltage thresholds and emission currents are important in vacuum microelectronics.
Organic light-emitting diode (OLED) performance has been found to be strongly
dependent on the work function of the cathode, but low work function materials are often
oxidize rapidly in air, degrading device performance. The next generations of silicon
microelectronics may require polysilicon gates be replaced with metals, so there is a
distinct need for metals with specific work functions and processing characteristics.
Low threshold voltage and high electron emission current are ideal characteristics
of field emitters in vacuum microelectronics. As electron emission is a surface
phenomenon, thin coatings on emitter materials may have a dramatic influence on the
emission properties. For example, Alkalis metals have low work functions and are known
to increase electron current density while lowering threshold field for emission. 14
Coverage of slightly less than a monolayer of electropositive material achieves the
benefit of reduced work function at the surface as well as creating a dipole between the
substrate and coating that further assists electron escape. 15 The copper-lithium alloy
system has been investigated for this purpose as well as cesium coatings on tungsten
tips.' 5 Electron emission from tungsten cathodes can be improved by coating with noble
metals such as osmium, iridium, and rhenium. Thomas and Gibson measured the
composition dependence on work function in Ir-W and Re-W alloys.' 6 The effect of Hf
and Ti coatings on tungsten emitters were investigated by Szczudlo and coworkers.1 7
Low work function metals are also of interest to OLED performance as barriers to
electron injection into devices can limit performance. Magnesium-silver alloys are
commonly used as OLED cathodes. Low work function metals like magnesium are
unstable in air, thus limiting their usefulness. Upwards of -10% of silver ((D = 4.6 eV)
may be alloyed with magnesium without significantly changing its work function (D =
3.5 eV) while improving the air stability. 18
Miniaturization in the microelectronics industry is also prompting research in the
compositional dependence of alloy work functions. Several problems are developing as
oxide layers in MOSFETs decrease, including boron dopant penetration and poly-silicon
gate depletion. The use of metals as gate materials can fix these problems. The work
function of the gate should be in a narrow range for optimal device performance (D = 4-
4.2 eV and 5-5.2 eV for NMOSFETs and PMOSFETs, respectively), and thus metal
alloys that must be designed to must be designed to have specific work functions in these
regimes and also able withstand silicon device processing temperatures. 19  The
compositional dependence of work function in the Ta-Pt, Ta-Ti, 19 Ni-Ti,20 Al-Ni, Ni-
Ta,21 Mo-Ta,22 Ru-Ta,23 Pt-Ru24 alloy systems have been investigated for this purpose.
In each of these cases the composite work function was weighted towards the low work
function element.
The work function of alloys is also of interest in the field of catalysis where
changing the composition of the catalyst surface may modulate the catalytic activity and
surface work function.2 5 To this end, Sachtler and co-workers studied the work function
of several alloy systems including Cu-Ni, 26,27 A_-Pt,28 Pt_Ru,29 and Ag-Pd.30  The
authors also developed a technique they coined 'surface titration' to study the surface
composition of alloy films. In this technique one of the two elements of a binary system
readily reacts a gas such as carbon monoxide, while the other does not. The change in the
work function measurement with the addition of the gas can therefore be related to the
composition of the reacting (or adsorbing) element at the surface. Furthermore, the
change in signal over time can be related to the diffusion of elements to and from the
surface.2 9,30
2.3 Measurement of Work Function
There are several methods of measuring work function. Two of the most common
methods are the Kelvin Probe method and photoemission spectroscopy. Although both
techniques can be used to measure the work function of a material, fundamental
differences in the methods should be kept in mind when interpreting measurement data.
This point is especially pertinent when the material surface in question has multiple
regions with different work functions (termed "patches"), as is the case in any
polycrystalline material. 31 Alloy compositions having more than one phase present
introduce even more work function patches.
The Kelvin probe method is named after Lord Kelvin who first discovered that a
potential develops when two (conducting) materials are brought very close to each other
and then into contact. As two materials come close together, electrons from the lower
work function material will tend to flow through an external circuit connecting the
materials to the higher work function material. Equal and opposite surface charges
develop on the materials resulting in what is essentially a capacitor. This potential
difference between the two plates is equal to the difference in work function of the
materials and is called the contact potential. Thus if the work function of one of the
materials is known, the other may be calculated. In practice, a probe head (typically
made of gold or stainless steel) with a well known work function and size is connected
electrically to an unknown sample and sinusoidally vibrated close to its surface creating a
variable capacitance, or equivalently, an alternating current. This current may be
measured as a voltage drop across a resistor or other circuit element. An additional
backing voltage is applied and tuned until the current in the circuit (or voltage across the
circuit element) disappears. At this point, the applied voltage exactly cancels the contact
potential difference between the sample and probe. Thus, the work function of the
sample may be calculated if the probe head work function is known.32 Mathematically,
the capacitance between the probe head and the sample is
C ,(2.5)
V h
where , is the dielectric constant of the dielectric between the sample and probe, h is the
distance between the probe and sample, and A is the area of the probe head. The
probe/sample spacing may be varied sinusoidally with time
h = h0 + h sin(ct), (2.6)
where ho is the average sample/probe spacing and hi is the probe oscillator amplitude.
The time averaged change in surface charge on the sample/probe capacitor may be
written as
dQ &4A dh A5g (V ~hl r (Vonaet+ Vb )  .4 hacocos(o) (2.7)icircuit dt - ( V ontact + acng -( Vcontact + Vbacking )h02 1 COs(t) (2.7)
and it is seen that the current through the circuit vanishes when Vbacking = Vcontact. With
proper circuit design the contact potential difference may be determined very precisely.
The accuracy of the measured sample work function therefore depends on how well
known the probe work function is. For this reason polycrystalline gold, with a nominal
work function of 5.1 eV and which is relatively inert under normal conditions, is used as
the probe head. Even though the gold may not oxidize, even non-reactive gases may
adsorb onto gold surfaces and alter the apparent work function by as much as 0.4 eV.33
Because the capacitance between the sample and probe is proportional to the probe
head's area, the measured work function is an area weighted average of the work function
patches underneath the probe. Figure 2.2 depicts the situation schematically.
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Fig. 2.2. Schematic diagram of Kelvin probe measurement. Each patch (different colored
grains) has its own work function and contact potential difference with the gold probe
head. The measured contact potential difference is the area weighted average of
individual CPDs.
Photoemission spectroscopy is based on the photoelectric effect first discovered in
1887 by Heinrich Hertz. Einstein won the 1921 Nobel Prize for his 1905 explanation of
the phenomenon with quantized energy states. 31 The photoelectric effect describes the
process of electron emission from a material when photons of sufficient energy are
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incident on the sample. When photons impinge on the material, electrons are excited to
higher energy states from their ground level (this is the same principle that causes carrier
excitation from the valence to conduction band in semiconductors used in
photoconductors or solar cells). If the photon energy is larger than the energy needed to
completely remove the electron from the material, electrons will be ejected from the
sample. This minimum energy is the work function.
The simplest photoemission spectrometer consists of three components: the
photon source, sample, and energy analyzer. The ideal photon source has high intensity
and a narrow linewidth. The helium I line has a photon energy of 21.2 eV and is the most
common photon source used in ultraviolet photoemission spectroscopy (UPS). X-ray
photoelectron spectroscopy (XPS) typically uses 1486.6 eV photons from an Al k-a
source. The incident photons strike the sample and excite electrons to elevated states. As
these electrons travel through the sample they may lose energy through collisions with
other electrons or scatterers. If excited electrons with enough kinetic energy reach the
surface of the material they may be ejected from the sample. The process of
photoemission and detection by the energy analyzer is summarized in figure 2.3. The
energy of the ejected electrons is equal to the incident energy (photon energy) minus the
binding energy and work function
Ekinetic = ho - B.E. - sample (2.8)
Electrons are ejected from the sample with different energies and enter into the analyzer
where they are retarded by an amount, R, determined by the lens voltages. They then pass
through a band-pass filter that only allows electrons of a given energy through before
striking a photomultiplier and photodetector. The total kinetic energy of the electrons
collected by the energy analyzer is thus the sum of the retarding energy, pass energy, and
detector work function,
Ekinetic = R+P+detector . (2.9)
The retarding and pass energies are set but the exact work function of the detector is
unknown and must be determined through calibration. Electrons ejected from the Fermi
level of the system have zero binding energy so their final kinetic energy is simply equal
to the incident photon energy. Thus at high energies the point where photon intensity
goes to zero (the high-energy cut-off) occurs at a kinetic energy of hv (as seen by the
electron) or a binding energy of zero (as seen by the sample). This can be seen in region
1 of figure 2.3. Calibration is done in software by setting the detector work function such
that the high energy cut-off occurs at exactly hv. Thus the intensity of photoelectrons
reaching the photodetector for different retarding voltages can be constructed and related
to the number of electrons in the sample with a particular binding energy and is called the
energy distribution curve (EDC), which is closely related to the sample joint density-of-
states. A material's valence band density-of-states can be mapped with this method
because discrete energy states associated with atomic binding energies will appear as
peaks in the EDC (region 2 in figure 2.3). The sample work function can be seen from the
low-energy cut-off of the EDC. At this point, excitation by the incident energy, hv, does
not impart enough additional energy for deeply bound electrons to overcome the binding
energy and work function barriers necessary for electron emission. Thus the intensity of
electron emission goes to zero (region 3 in figure 2.3). This may be seen mathematically
by noting that, relative to the Fermi level of the system, the total kinetic energy of
electrons striking the detector (as seen by the detector) is equal to the incident energy
minus the binding energy of the emitted electron,
Ek = hv- B.E.. (2.10)
Equations 2.8 and 2.9 may be combined to see that
Ek'= Ek -0sample" (2.11)
Thus at the low energy cut-off when the kinetic energy of electrons leaving the sample,
Ek', goes to zero, the measured kinetic energy at the detector, Ek, equals the sample work
function, o(sample.
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Fig. 2.3. Description of the photoemission spectroscopy process. Electrons residing at
the sample Fermi level (region 1) have zero binding energy and the maximal kinetic
energy seen by the detector. Electrons emanating from discrete energy states within the
can be seen as peaks in the EDC (region 2). Emitted electrons must have energy greater
than the sample work function, thus the low energy cut-off is equal to the minimum
energy necessary to escape the sample, the work function (region 3).
The work function measured by UPS is heavily weighted by the lowest work
function patch. This is most easily seen graphically in figure 2.4. In a photoemission
study, the probe beam has a large area and floods the surface. Each patch emits its own
EDC. The observed energy of the Fermi level and bound states (regions 1 and 2 in figure
2.3) do not change because they are fixed by the incident photon energy and atomic
binding, respectively. The secondary electron cut-off (region 3), i.e. the work function, is
variable and depends on the surface. The low energy emission spectra from each patch
will be different and the observed UPS spectrum is a convolution of these. However, as
the signal from the lowest work function patch will overwhelm that of the other patches,
only the onset of this low work function patch is visible. Thus the work function observed
in UPS measurements is heavily weighted by the lowest work function region of the
sample.
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Fig. 2.4. Schematic diagram of secondary photoelectron emission from polycrystalline
material. Each work function patch emits its own spectrum of secondary electrons at low
kinetic energy. The observed onset of secondary emission is dominated by the lowest
work function patch, which overwhelms the signal from other patches.
The photoemission process for semiconductors is similar to the one described for
metals with the only difference being that there are few electron states in the
semiconductor bandgap where the work function resides. While the high energy cut-off
must still occur at an energy equal to the incident photon energy, the actual high-energy
cut-off of substantial emission occurs only at the top of the valence band. Hence the
distance between the valence band and Fermi level in a semiconductor is equal to the
binding energy at which electron emission starts in the EDC, and the location of both EF
and Ev relative to the vacuum can be determined for semiconductors.
Photoemission studies are done in ultra high vacuum for two reasons. First, the
measurement is extremely surface sensitive. Because electron energies typically range
from a few eV (UPS) to -1500 eV (XPS), the escape depth of electrons is on the order of
4 to 40 angstroms. 3 1 Even incomplete monolayers of contaminates or adsorbates can
significantly change the EDC. Thus the vacuum level must be kept on the order of 10-9
Torr to prevent contaminates or residual gases from sticking to the sample surface.
Samples are typically also sputter cleaned with Ar+ and/or heated to clean the surface
before the measurement. A second reason the vacuum level must be kept so high is to
increase the electron mean free path. Collisions between the ejected electrons and gases
must be minimized so that enough electrons reach the detector to be counted.
2.4 Work Function Measurements of Low Temperature Alloys
2.4.1 Experimental
The work function of seven alloys was measured by the scanning Kelvin probe
technique and ultraviolet photoemission spectroscopy. 34 For contact potential
measurements, samples were cleaned before loading into inert atmosphere where
additional fresh, oxide-free surface was exposed. The measurements were performed
with a KP Technology SKP5050 Scanning Kelvin Probe equipped with a 2-mm diameter
polycrystalline gold-coated probe head (nominal work function taken to be 5.1 eV)3 5 in
inert (nitrogen) atmosphere to limit oxidation or gas adsorption that may cause changes in
either the sample or probe head work function. The sample to tip spacing was held
constant (within 1 micron) both during each scan and between samples to minimize stray
capacitance errors.32 Approximately 400 measurements were made over a scanned area
of between 6 and 13 mm in each dimension. Measurement uncertainty was taken to be
the standard deviation in work function over the entire scanned area.
The same samples used in SKP were used in the UPS measurements, performed
with an Omicron Multiprobe system. Samples were sputter-cleaned with an in-situ argon
ion gun immediately prior to measurement. The photon source was a He I (21.2 eV)
plasma. Samples were reverse biased to sharpen the onset of secondary electron emission
as well as eliminate tertiary electrons from the spectrometer. The UV spot size was
approximately 1cm 2. Measurement uncertainty was taken to be the half width of the high
kinetic energy Fermi-edge cut-off (i.e. zero binding energy). The surface composition as
a function of argon ion sputtering time was measured in a separate Kratos Axis Ultra
XPS system, while the bulk composition was confirmed by measuring the melting
temperature of portions of the alloy with DSC.
2.4.2 Results and Discussion
Alloy work functions measured by the two methods are summarized in table 2.2.
Representative line scans of the SKP measured work function are shown in figure 2.5.
The photoemission onset measured by UPS is given in figure 2.6. Two observations may
be made immediately. First, the same trend in work function exists with both techniques.
Four alloys, Sn, Sn 96Ag4, Sn 57Bi43, and Sn 74Pb 26, have nearly the same work function,
within experimental error. Sn 85Znl 5 has a notably lower work function than the other
alloys, and the gold-tin alloys have the largest work functions of all. Secondly, there is a
systematic offset of about 0.3 eV between the UPS and Kelvin Probe methods. XPS
revealed no contamination other than a superficial layer of carbon and oxygen, expected
from atmospheric exposure during sample transfer and which disappeared with ion
sputtering. Even though differences in sputtering yield between phases could introduce
large variations in composition,36 the surface composition after sputtering was found to
be close to the bulk levels in most cases. The most notable departure from this trend is the
Sn42Bi58 alloy, which was found to be significantly bismuth deficient. The alloys with
the greatest discrepancies between bulk and measured surface composition generally
correspond to those with the greatest difference in sputtering efficiency.36 DSC scans
show a single sharp melting temperature for each alloy (figure 2.7) near the nominal bulk
value. This confirms that the bulk composition is eutectic because any off-eutectic
composition will undergo an extended melting transition between solidus and liquidus
temperatures. The measured melting transition occurs at temperatures close to and
slightly above their nominal value. This is expected as it is well documented that
temperature transitions measured by DSC are dependent on the heating rate.
Table 2.2. Work functions of tin alloys measured with SKP
temperature. Estimated error is given in parentheses.
Bulk Measured D(SKP) (eV)
Composition (wt%) Composition (wt%)
Sn 91Zn9  Sn 93.5Zn 6.5  4.17 (0.003)
Sn 42Bi58  Sn 7oBi 3o 4.44 (0.02)
Snioo Snjoo 4.47 (0.008)
Sn 96 5Ag3.5  Sn97.2Ag 2 .8  4.46 (0.006)
Sn 63Pb 37  Sn 73Pb27  4.52 (0.020)
Sn90 Aulo Sn 88.3Au 11.7  4.58 (0.016)
Sn20 Auso Sn 11.7Au88 .3 4.84 (0.014)
and UPS along with melting
(D (UPS) (eV)
3.92 (0.20)
4.16 (0.35)
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Fig. 2.5. SKP line scans of work function for seven tin alloys.
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Fig. 2.5. Onset of photoemission for seven tin alloys.
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Fig. 2.5 Melting transition of seven eutectic alloys measured by DSC.
The apparent discrepancies between the KP and UPS measurements may have
several causes. The Kelvin probe method can be very precise but measures only the
difference in work function between sample and tip. Thus unaccounted for deviations in
the probe head work function would introduce a constant shift in the measured work
function value. Although the KP measurements were done under inert atmosphere and
the tip is also expected to resist oxidation, adsorption of even inert gases may cause shifts
in the sample work function. The work function of gold has been observed to shift up to
0.4 eV under different atmospheres.33 More likely, however, is that the difference in work
function measured by the two methods is due to the methods themselves. The KP method
essentially measures a capacitance per area. Thus the KP determined work function is an
area weighted average of all work function patches underneath the probe head.
Photoemission spectroscopy is much more sensitive to the lowest work function patch, as
the lowest kinetic energy electrons originate from this area. The work function of
different facets of crystals is known to differ. Thus the surface of a polycrystalline sample
would be expected to have patches of several different work functions. The addition of
entirely separate crystalline phases, as is the case in these eutectic alloys, add even more
possibilities. Indeed the difference in work function by the two methods is not surprising.
A similar offset has been observed in KP and UPS work function measurements of
indium-tin-oxide. 37 Perhaps the most commonly cited value for the work function of
polycrystalline tin is 4.42 eV, measured by contact potential difference. 35 The work
function of tin has also been measured to be 4.18 eV using the Fowler photoelectric
method.38 Thus both our results for the work function of tin (4.47 eV and 4.14 eV,
measured by KP and UPS, respectively) are consistent with the literature.
Although the work function is a surface pheonomen, the alloy valence bands were
measured by UPS to give some insight into the total alloy character. For example, the
similarity of the Sn, Sn 96Ag4 , Sn 57Bi 43, and Sn 74Pb26 valence bands shown in figure 2.8
suggest they are dominated by a single tin phase. Their work functions differ by no more
than 30 meV from UPS and 100 meV from KP.
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Fig. 2.8. Valence band of Sn, Sn96Ag4, Sn57Bi43, and Sn 74Pb26. The alloys' Fermi levels
are taken to be the zero of binding energy.
The Sn 85Zn15 alloy's valence band shows zinc-like character, having discrete binding
energy states at approximately 4.8 and 11 eV (figure 2.9). The work function of the alloy
is also noticeably smaller than that of tin (4.12 and 3.92 eV, by KP and UPS,
respectively). Thus zinc, with its low work function of 3.6 eV,3 5 makes a substantial
contribution to the overall electronic character of the alloy even though it is only 15 at%
of the alloy.
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Fig. 2.9. Valence band of Sn, Sn 85Znls, and Zn determined by UPS.
The valence bands of the gold-tin eutectic alloys (Sn90oAulo and Sn 20Au 8so) are given in
figure 2.10 and unique in that they show definite gold character despite the fact that tin
has a much lower work function. One may tentatively assign some alloy phases to the
peaks by comparing with a previous study by Friedman, et al. who looked at the
electronic structure of several alloys in the tin-gold system, including the ordered AuSn
and AuSn 4. For example, the peaks in the Sn90oAulo sample, a composite of pure tin and
AuSn4, at -6.8 and -5.3 eV match Friedman's data for AuSn4. So the alloy does show
some intermetallic character. The valence band peaks of the Sn 2oAu 8o alloy at -6.3 and -
4.5 eV cannot be assigned to AuSn, however.
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Fig. 2.10. Valence band of Sn, Sn 93.8Au6 .2 , Sn2 9.4Au70.6, and Au measured by UPS.
2.5 Conclusions
The work function is an important property of materials in many technological
applications. The ability to engineer materials with specific work functions and other
properties, such as processing temperature is highly desired. The work function of
several tin alloys was measured by the Kelvin technique and ultraviolet photoemission
spectroscopy in order to determine their potential utility in rectifying multimaterial fiber
devices. The results between the two methods agree quite well, although there is a
constant offset between of about 300 meV. This difference may be due to surface
cleanliness, preparation, or composition variations. Some difference is expected between
the two techniques is expected because they fundamentally measure two different things.
The Kelvin probe technique is a capacitive method that measures an area-weighted
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average work function, while UPS is most sensitive to low work function regions of the
sample. The measurements show that the work function of tin can be shifted by 600 meV
by alloying with specific elements while maintaining a single melting transition,
necessary for compatibility with multimaterial fiber drawing. Comparison of the alloys'
valence band structure also gives insight into the nature of the chemical bonding within
the alloy. Knowledge of the work function of alloys compatible with the fiber drawing
process is expected to enable more electronically complicated structures to be built into
future fibers.
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Chapter 3: Materials Selection and Characterization: Insulators and
Semiconductors
3.1 Introduction
Numerous criteria go into selecting the correct materials and compositions for a
multimaterial device fiber. The perform fabrication and thermal fiber drawing processes
are very demanding in a number of respects and the proper choice of materials is very
much a goldilocks problem of balances the desires of functionality with the realities of
processing, as was alluded to in chapter 2. Certain materials combinations of metals,
insulators, and semiconductors are desired to optimize device performance, but these
disparate materials must all have overlapping thermal processing temperatures if they are
to be combined in a meaningful way. Further complicating the problem, the exact
definition of processing temperature changes between materials. For example, the metals
described in chapter 2 are crystalline materials with discrete transitions from solid
(infinite viscosity) liquid (low viscosity on the order of 10-3 Poise) at the melting
temperature, Tm. In contrast, amorphous materials which are most often used in thermal
fiber drawing undergo a gradual transition from solid to liquid, beginning at the glass
transition temperature, Tg, and are typically processed in the viscous state during thermal
fiber drawing. The potential incorporation of non-amorphous (i.e. crystalline)
semiconductors into multimaterial device fibers offers enhanced electrical properties over
their amorphous counterparts but also new fabrication challenges.
This chapter will review the pertinent electrical, optical, and thermomechanical
properties of semiconducting and insulating materials potentially compatible with the
manufacture of multimaterial rectifying device fibers. First the processing temperatures
of different insulating polymers that serve both as a protective cladding and device
substrate will be reviewed. Then semiconductors potentially useful for fabrication of
rectifying device fiber will be identified and characterized. The thermo-mechanical
properties of these semiconductors must be then matched to that of the other components
including the polymer cladding and metal electrodes, and the ability to modulate these
properties with composition (as typified by the glass transition temperature) will be
shown. This information will be combined with information of the melting temperature
and work function of the metal alloys measured in chapter 2 to fabricate the desired
rectifying device fiber in the next chapter.
3.2 Insulators
Polymers are commonly used in the optical fiber industry. This is due, at least in
part, to the fact that they may be engineered to be transparent in specific wavelengths of
interest and made completely amorphous. The optical properties of the polymers are
important for different applications. But it is the non-crystalline nature of the polymer
that makes it compatible with thermal fiber drawing at all. Unlike crystalline materials,
amorphous materials exhibit a gradual change in viscosity from the solid to liquid states,
beginning at the glass transition temperature. This temperature corresponds to the point
at which larger sections of the polymer molecule begin to have enough thermal energy
for large scale molecular rearrangement. As the temperature continues to increase the
polymer becomes a viscous fluid and deforms under applied stress or over long times.
Thermal fiber drawing occurs in this regime. Eventually the temperature increases to the
point where the polymer itself flows so easily that it is considered a liquid, although its
viscosity will not be as low as a metal's by virtue of the polymer molecules' extended
length and entanglement between chains. The glass transition temperature and optimal
fiber drawing temperature (observed for our draw tower) is listed for several high-
temperature amorphous thermoplastics in table 3.1. Each of these polymers has been
shown to be suitable for fiber drawing and certain multimaterial device fiber applications.
Although their optical properties, such as transparency, change somewhat, all are
satisfactory for the intended purpose of mechanical support and electrical insulation
while allowing incident light to impinge on the device. It is interesting to note that the
transparency of these specific polymers tends to increase with decreasing processing
temperature.
Table 3.1. Glass transition and fiber drawing temperature
polymers compatible with multimaterial fiber fabrication.
Polymer Glass Transition
Temperature (oC)
TOPAS 6013
Cyclic Olefin Copolymer
(COC)
LEXAN 104
Polycarbonate (PC)
UDEL P1700 NT11
Polysulfone (PSU)
RADEL A
Polyethersulfone (PES)
ULTEM 1000
Polyetherimide (PEI)
ULTEM XH6050
Polyetherimide (HT-PEI)
138
150
180
225
225
240
for amorphous thermoplastic
Approximate Fiber
Drawing Temperature
(oC) (at furnace)
205
205
255
290
290
320
--
3.3 Semiconductors
3.3.1 Amorphous Chalcogenide Semiconductors
Chalcogenide glasses are a class of inorganic glasses that have mobility gaps in
the 1-2 eV range, making them photosensitive and potential candidates for fiber-based
electro-optical devices. In fact, these good glass formers, such as the prototypical As2Se 3,
may be thermally processed in a fashion similar to amorphous polymers and have been
used in optical fiber processing for several different purposes. Furthermore, they may be
modified with a variety of other elements to adjust their optical and thermo-mechanical
properties to suit the needs of each application. As an example, a series of glasses in the
As2(S-Se-Te) 3 family were fabricated to demonstrate how the glass transition temperature
(figure 3.1) and absorption edge (figure 3.2) change with composition. The Tg of the
glasses was measured by differential scanning calorimetry (DSC), at a 2 degree per
minute scan rate from low to high temperature. By convention the glass transition was
taken to be the inflection point of the heat flow of the endothermic even. The absorption
was calculated from the Beer-Lambert law,
I= I exp 1), (3.1)
for an arbitrary film thickness (l=200nm in this case), with the imaginary part of the
index of refraction, k, was determined by ellipsometry. 1 The figures clearly show that
increasing concentration of smaller chalcogens such as sulfur increases the softening
temperature and optical band gap (onset of absorption approaches shorter wavelengths).
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Fig. 3.1. DSC scans for three different chalcogenide glasses demonstrating that softening
temperature increases as the average chalcogen size decreases.
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Fig. 3.2. Absorption of light for three chalcogenide glasses as a function of wavelength.
As the concentration of larger chalcogen elements increases the absorption edge shifts to
short wavelengths, signifying an increase in optical gap size.
The same density of defects that is advantageous in terms of amorphous
processing is detrimental to the material's electrical properties, and chalcogenide glasses
such as As2Se 3 may have resistivities upwards of 1012 afcm. This is not surprising, as the
very high concentrations of defects (on the order of 1018 cm 3 ) effectively pin the Fermi
level to the center of the optical gap.2 They cannot be made more conductive by doping
because concentration of active dopants must exceed that of the intrinsic defects; and,
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because there is no long range network within the glass enforcing a specific coordination
number, modifiers introduced into the system tend to not be electronically active, i.e.,
they do not contribute additional carriers to the system. Adding enough modifier so that
the number of electronically active additives compensates the intrinsic defect
concentration is not a viable solution because the concentration necessary to achieve this
is so large (greater than 1%) that the atomic network is actually being changed so that this
is more like alloying than doping. The conductivity can however be controlled by adding
modifiers to change the width of the mobility gap. This makes intuitive sense because
the defect-filled glasses have their Fermi levels pinned to the center of the bandgap, and
the only way to decrease the activation energy for conduction (distance between Fermi
level and band edge) short of doping would be to decrease the gap distance. Figure 3.3
demonstrates that the logarithm of conductivity is proportional to the band gap. This
confirms the trend observed in figure 3.2 where the addition of smaller chalcogens
increases the bandgap and semiconductor resistivity. The relationship between
conductivity, G, and bandgap, Eg, for amorphous chalcogenide glasses is often expressed
as
-Eg
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Fig. 3.3. Variation of bandgap and conductivity for the As-(S,Se,Te) family of glasses.
3.3.2 Crystalline Chalcogenide Semiconductors
In addition to inducing large resistivities in amorphous chalcogenide
semiconductors, the density of defects is thought to preclude the ability to create
meaningful electronic band-bending in electronic devices composed of chalcogenide
glasses. Thus it is likely that the number of electronic defects in chalcogenide
semiconductors will need to be significantly reduced if they are to be used in
multimaterial fiber based rectifying devices. One way to reduce the density of defects is
to use crystalline instead of amorphous semiconductors. Large volumes of crystalline
materials are not expected to be suitable candidates for fiber drawing because of their
discontinuous change in viscosity at the melting temperature, due to their ordered nature.
However recognizing that the amorphous state is meta-stable, an amorphous material
may be driven to the equilibrium crystalline state with the application of heat and time.
How this can be achieved in a fiber fabrication framework will be discussed in the next
chapter. For the present discussion we will simply state that this fact creates the
possibility to get the benefit of amorphous processing and crystalline electronic
performance and discuss the relevant properties of a family of sulfur-selenium alloys.
3.3.2.1 Thermal Properties of Crystalline Selenium
Elemental selenium is one chalcogenide glass that may be easily converted
between the amorphous and crystalline states. The possible use of selenium is also
advantageous because there is a wide body of work investigating selenium-based
semiconductor devices. Indeed, the first discoveries of semiconductor properties such as
photoconductivity and the photovoltaic effect were found in selenium. Selenium is an
unstable glass, it may be glassy or crystalline at room temperature and devitrifies readily
upon heating. Whereas As2Se 3-based crystals melt at temperatures upwards of 3750,
which is far above the processing temperature of any available polymer, crystalline
selenium melts at an experimentally convenient 230,C. 3 Additionally, liquid selenium
maintains the same sort of polymer-like chain structure that exists in the solid state
resulting in a melt-viscosity of approximately 100 Poise, with little temperature
dependence. 4'5 Compared to typical liquids, this extra viscosity may be important for
maintaining structural integrity throughout fiber processing and drawing.6 A schematic
drawing of the thermo-mechanical properties of metals, amorphous materials, and
selenium is given in Figure 3.4.
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Fig. 3.4. Schematic diagram of viscosity as a function of temperature for elemental
selenium and prototypical amorphous and crystalline materials.
The thermomechanical properties of selenium may be modified in the same way
as other chalcogenide glasses. However, in contrast to the trends seen in glassy
As(S,Se,Te), the addition of sulfur decreases the glass transition and melting
temperatures, Tm, of selenium compositions. This is readily seen in figure 3.5 which
shows DSC scans (heating rate 100/min) of selenium and three sulfur-selenium alloys.
Unlike the higher-temperature, and strong glass forming As 2Se 3-based alloys, additional
exothermic thermal events can be seen. These correspond to the crystallization
temperature, Tx, of the alloys. Little correlation is seen between Tx and the composition.
This may be a measurement artifact or be due to the fact that all compositions are
crystallizing into slightly different structures. Each alloy has a different atomic mobility
at Tx due to the different glass transition temperatures, and this may play a role as well.
Se97S 3o
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Fig. 3.5. (a) DSC scans of four selenium alloys demonstrating how glass transition and
melting temperatures decrease with the addition of sulfur. (b) Magnification of glass
transition region in (a).
3.3.2.2 Electrical Properties of Crystalline Selenium
Conductivity, carrier type, concentration, and mobility are important parameters
for semiconductor devices and can be limiting factors in performance of high quality
devices. They are related to each other by the equation
o = nqp, (3.3)
where a is conductivity (inverse of resistivity, iLcm), n is the carrier concentration (cm-3),
i is the mobility (cm 2V's), and q is the elemental charge. Usually the conductivity is
straightforward to measure. The mobility can be slightly more complicated, and the
carrier concentration is often determined by first finding the conductivity and mobility
and using equation 3.3. The carrier type, concentration, and mobility of several sulfur-
selenium alloys were measured by the Hall Effect. Thin-film transistors (TFTs) of one
particular alloy, Se 97 S3, were constructed to verify the mobility and carrier concentration
through an additional method.
One straightforward method of determining the mobility, carrier concentration,
and carrier type in crystalline semiconductors is via the well-known Hall Effect, named
after Edwin Hall who discovered the phenomenon in 1879. Imagine a thin section of
material having current flowing in the x direction and a transverse electric field in the z
direction (figure 3.6).
Fig. 3.6. Schematic diagram of Hall Effect measurement.
The force on the charge carriers traveling in the x-direction due to Bz is given by the
Lorentz relationship:
F, = qi x B . (3.4)
Where i is the velocity of the charge carrier given by the current equation:
I = qnwd-v .(3.5)
As no current can flow in the y-direction, a potential develops to balance the Lorentz
force
qVh,,1Fy = qE, = .(3.6)
w
At equilibrium these forces balance and
Vhal, = BI . (3.7)
ndq
Thus, for a given applied magnetic field and current a transverse voltage can be
measured, and the carrier concentration can be determined. The carrier type is also
determined by the sign of the induced voltage. The mobility of the carrier can then be
simply determined by the relationship:
I = nqpV .(3.8)
Using a Bio-Rad hall probe, the resistivity, mobility, and thus carrier density have been
measured for several thin-film polycrystalline selenium sulfur alloys and summarized in
table 3.2.
Table 3.2. Hall Effect derived resistivity, mobility and carrier density for 3 sulfur-
selenium alloys.
p (x10 5 Qcm) Pt (cm 2/Ns) Carrier density (xlO" cm -3)
Se 1.5 4.2 545.0
Se97S3 3.5 3.0 9.95
Se 9 5S5  4.6 2.97 45.4
Another common method of extracting semiconductor parameters is through
characterization of field effect transistors fabricated from the material. In short, a
transistor is a three terminal device whereby the current through two terminals (the
source and drain in MOSFET terminology) can be modulated by a third (the gate). In
field effect devices, this modulation comes by the application of a voltage across a
dielectric layer resulting in the build-up of charges on either side of the layer as if it were
a capacitor. This change in carrier concentration at the surface of the dielectric layer can
form high- (or low-) conductivity channels between the source and drain resulting in
large (or small) currents for a given bias. The physics of the typical field-effect device
has been thoroughly studied and are described in greater detail in different references. 7
A typical silicon MOSFET used in modem microelectronics runs in inversion
mode. The source and drain contacts are n (or p) doped, while the channel between them
is doped oppositely. In thermal equilibrium, this configuration acts as a back-to-back
diode and little current flows between source and drain. When a voltage is applied
between the gate and common source, the charging of the capacitor creates an excess of
holes or electrons on the dielectric surface. If the gate is biased in such a way to increase
the density of channel's majority carriers, it is even more difficult for current to flow
between the source and drain. However, if the gate is biased in the opposite direction the
density of majority carriers is reduced until, when sufficiently biased, inversion occurs
and an excess of minority carriers now exists. At this threshold voltage, VT, a high
conductivity channel spans the distance between the source and drain and currently flows
more readily. In this linear regime, the drain-source current is directly proportional to the
drain-source voltage, VDS, the carrier concentration, and carrier mobility. As VDS
becomes larger than VGs-VT, a depletion region begins to form around the drain contact
and pinches off the high conductivity channel between source and drain. This pinched-off
region is not a barrier to carrier flow as one might expect because the field between the
source and drain pulls the carriers to the contact. However, the drain-source current is no
longer controlled by the drain-source voltage and the device is said to be in saturation.
For small VDS (the linear region) the current flow through the transistor can be expressed
as
IDS = C VG - VT + VD . (3.9)S L 2
While in saturation VDSSat=VG-VT, and the current follows the form
IDS _ tCox (VG - V) 2 .(3.10)2L
The field effect mobility in the linear regime is typically extracted from the derivative
aIDs/aVGs, called the transconductance or gm. In the linear regime when VDs<<VGs and
gm = DS -PCoxVD . (3.11)
8VG L
In saturation, the mobility is typically extracted from a plot of ~(IDs) versus VGs with the
help of equation 3.10. Thin-film transistors typically run in accumulation mode, meaning
that the high conductivity channel is composed of majority carriers instead of minority
carriers. But the basic principles are still the same, and the above equations intended for
inversion-mode devices work well in describing a device's behavior.
Thin-film transistors composed of thin layers of Se 97S3 (-300nm) contacted by
gold source and drain electrodes were fabricated on doped silicon wafers with a 100nm
oxide. The channel length and width was 100m and 2mm, respectively. Figure 3.4
shows the drain-source current as a function of drain-source voltage for several gate
voltages.
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Fig. 3.7. Current-voltage output characteristics for Se97S3 TFT.
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Fig. 3.8. Transfer Characteristics of Se97S3 TFT with extracted mobility and threshold
voltage using equation 3.11.
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Fig. 3.9. Square root of drain-source current as a function of gate voltage for Se97S3 TFT
in saturation with extracted values of mobility and threshold voltage using equation 3.10
Using the equations above, the field effect mobility is found to be 0.6 and 0.33 cm 2/Vs in
the linear and saturation regimes, respectively. This is unique because the saturation
mobility is typically found to be larger than the linear regime mobility. The IDS VS. VDS
transition from negative to positive current between the source and drain does not occur
at zero bias as expected, but is in fact a function of gate bias, this is an indication gate
leakage through the oxide and may explain the large turn-on voltage. Nevertheless, the
measured field effect mobilities are within an order-of-magnitude of the Hall Effect
mobility, which is very reasonable. Traps and interfacial defects at the
dielectric/semiconductor may be a source of this difference. Indeed the large gate
threshold voltage for such a small dielectric layer implies that a significant number of
traps must be filled before carrier accumulation occurs.
3.3.2.3 Band structure of crystalline Selenium
As described in section 2.3, ultraviolet photoemission spectroscopy (UPS) can be
used to determine the location of both the valence band maximum and Fermi level in
semiconductors. Selenium is known to be a p-type semiconductor whos work function is
normally found to be approximately 5.9 eV 8'9, while the valence band maximum or
ionization potential is cited to be 6.1 eV. 9,10 The valence band maximum and work
function was measured for a polycrystalline film of Se97S3 with UPS using the same
procedure as in section 2.4. Figure 3.10 shows the photoemission onset (a) and valence
band structure (b) of the film. Note that two different conventions are used in labeling
the x-axis for (a) and (b). Figure 3.10a presents the photoemission as a function of the
kinetic energy of the escaping electron, while figure 3.10b presents photoemission as a
function of semiconductor binding energy, where the zero in binding energy is defined to
be the Fermi level. The two conventions are easily converted between each other by
equation 2.10.
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Fig. 3.10. (a) UPS photoemission onset of polycrystalline Se 97S3 film. (b) Valence band
structure. Black line is extrapolation to zero intensity, which is equivalent to the valence
band maximum of the semiconductor.
The onset of photoemission is equal to the work function in semiconductors even though
there are very few states at this level. This is because the low energy onset of
photoemission is due to secondary electrons scattered and ejected by several inelastic
collisions within the semiconductor. Even though there are very few states available
within the band gap, electrons can undergo various relaxations before reaching and
exiting the surface. Thus these secondary electrons can have any energy greater than the
minimum escape energy (the work function) regardless of the density of available
equilibrium states within the semiconductor. Figure 3.10 shows that the work function of
the Se 97S3 film is approximately 5.3 eV, and the difference between the Fermi level and
valence band is about 0.9 eV, suggesting that the valence band maximum occurs at about
6.2 eV below the vacuum level. The apparent large discrepancy between the work
function presently measured and the literature may be due to differences in composition
or different defect densities on the surface. The sputtering process can induce a large
number of defects by creating dangling and unsaturated bonds. These defects can cause
the Fermi level to actually change from the bulk to the surface. The addition of sulfur or
the polycrystalline nature of the film may also be sources of this work function shift.
3.4 Conclusions
Materials selection is a major challenge in the fabrication of multimaterial device
fibers, and the difficulty is only expected to grow as new functionalities are incorporated.
This chapter reviewed the relevant electronic and thermo-mechanical properties of
insulators and semiconductors that will be important in fabricating the rectifying device
fibers. Amorphous thermoplastic polymers and chalcogenides have a wide range of
thermal processing regimes and exhibit the continuous change in viscosity with
temperature necessary to achieve and maintain high viscosity during fiber drawing. The
increased atomic order in crystalline chalcogenides such as selenium have significantly
improved electronic properties compared to their amorphous counterparts. In the next
chapter, the materials properties data measured for metals (chapter 2), insulators, and
semiconductors (chapter 3) will be used to identify materials combinations that may be
used in the construction of a multimaterial rectifying device fiber.
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Chapter 4: Fabrication of Multimaterial Rectifying Device Fibers
4.1 Motivation
Multimaterial composite fibers have made it possible to realize optoelectronic device
functionalities at fiber optic length scales and cost. Furthermore, the structured preform-to-fiber
fabrication method enables the incorporation of multiple devices into a single fiber and multiple
fibers into large area sensors.' Devices built to date contain only ohmic metal-semiconductor-
metal photoconductor junctions. The inclusion of rectifying junctions into the fibers is highly
desirable because it would allow even greater functionality to be introduced into the fiber
devices, but the amorphous nature of the chalcogenide semiconductors has made this goal
unattainable thus far. Non-crystallinity is necessary during fiber fabrication because the
structured preform cross-section is maintained into the fiber during thermal drawing only when
the viscosity of the materials is large enough to extend the time-scale of breakup driven by
surface tension effects in the fluids to times much longer than that of the actual drawing.
Unfortunately, the same disorder that is so helpful to the semiconductors' thermal processing is
detrimental to their electronic properties, imparting large resistivities and effectively pinning the
Fermi level near mid-gap. Indeed, the defect density within the mobility gap of many
chalcogenides has been found to be 10'8-1019 cm 3 eV', resulting in a narrow depletion width
and ohmic behavior at metal-semiconductor junctions.2 Therefore an important step in
developing rectifying fibers is incorporating crystalline semiconductors (or other lower defect
density semiconductors) into fiber. Beyond this, combinations of metals and semiconductors
must be identified that may form rectifying junctions and are also compatible with the fiber
drawing technique. This chapter will describe how crystalline semiconductors may be built into
fibers, 3 how the best material combinations for creating a rectifying junction were identified, and
the tools and techniques that were developed to introduce the right materials combinations in the
right geometries to get the best possible device performance.
4.2 Post-drawing thermal annealing
Non-crystallinity is necessary to maintain viscosity during drawing, but it serves no
purpose afterward. One may recognize that the amorphous phase is a meta-stable state and that
this phase may be used for fabrication as before but then drive it to the equilibrium crystalline
state by thermal annealing after drawing. Although all amorphous materials can devitrify, the
time to achieve this can be substantial. Thinking of crystallizing glasses in the context of fiber
processing is a paradigm shift from traditional fiber processing which strives to use materials that
will remain as glassy as possible to reduce the density of crystallites and grain boundaries that
can act as scattering sites and reduce the efficiency of light transmission through the fiber. All
multimaterial device fibers built to date have also taken a similar approach and made use of
stable glasses that would not crystallize during processing or afterwards in any reasonable time.'
Glass compositions can be chosen that are just stable enough to withstand the rigors of
fiber drawing but can still be thermally annealed into the equilibrium crystalline state within a
reasonable time frame. One such glass, based on the traditionally very stable As2Se 3, is
As40Se 52Te 8. Fibers consisting of solid cores of this glass, tin electrodes, and PES cladding were
drawn and annealed for different times and temperatures. The annealing temperature should be
as high as possible above the glass transition temperature of the semiconductor so that the
molecules have enough thermal energy to begin to rearrange into the equilibrium structure.
However, the multimaterial nature of the fiber also sets limits on the annealing temperature as it
must be less than the metal electrode melting temperature and the glass transition of the polymer.
This requirement sets a practical temperature limit of about 210 'C for PES fibers. As
semiconductor crystallinity increases, one would expect to see a change in resistance. Indeed this
is the case, and this change in resistance can be used as a measure of ordering as a function of
annealing time. Figure 4.1 shows the resistance of a solid core As4 0Se 52Te8 fiber as a function of
annealing time at 210 oC. Amazingly the resistance changes 5 orders of magnitude over the
course of 20 days.
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Fig. 4.1. Fiber resistance as a function of annealing time at 210 OC. Dashed lines serve as guides
to the eye. (figure courtesy S. Danto).
Although this is strong evidence that a dramatic structural change is occurring, direct
confirmation of the semiconductor crystallinity is preferred. Figure 4.2 shows an SEM
micrograph of an amorphous fiber cross-section and a powder x-ray diffraction pattern of
As4o0Se 52Te8 extracted from a drawn fiber without further processing. The pattern shows diffuse
peaks corresponding to an amorphous material with two peaks from residual tin attached to the
semiconductor. After extended annealing, x-ray diffraction measurements still show broad peaks
characteristic of amorphous materials, but there are also several sharp peaks corresponding to
crystalline As2Se 3-based phases (figure 4.3b). SEM micrographs (figure 4.3a) also show
presence of crystallites originating from interfaces between the semiconductor and metal or
insulator. This is to be expected because the activation energy for heterogeneous nucleation at
boundaries between materials is much less than that of homogeneous nucleation. The figures
also suggest that most current between the electrodes is carried by the crystalline layer. Hence
even though a majority of the semiconductor is still amorphous, the resistance only decreases
marginally with further annealing after the initial high conductivity path between the electrodes
is created.
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Fig. 4.2. (a) SEM micrograph of fiber after thermal drawing. (b) Powder XRD pattern of
amorphous semiconductor core with remnants of attached tin electrodes (figure courtesy S.
Danto).
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Fig. 4.3. (a) SEM micrograph of fiber after extended thermal annealing. (b) Powder XRD
pattern of semiconductor core demonstrating crystalline semiconductor phases (figure courtesy
S. Danto).
This method of post-drawing annealing is attractive because it allows one to take
advantage of the amorphous phase's thermal processing as well as the crystalline phase's
electrical properties. The introduction of crystalline semiconductors into the fiber is an
important step in creating diode device fibers, but there is no guarantee that it will result in non-
ohmic behavior. Indeed, these first crystalline device fibers also act as photoconductors whose
current-voltage characteristics are linear and give no indication of any internal electric fields or
barriers to current flow.
4.3 Materials Selection and Rectifying Device Fiber Fabrication
At this point it is worthwhile to evaluate all the materials compatible with the
multimaterial fiber fabrication approach and which combinations are likely candidates for
forming rectifying junctions. As junction formation is often driven by differences in work
function between materials, it makes sense to identify combinations of semiconductors, and
possibly metals, which have large work function differences. Elemental selenium is an ideal
semiconductor candidate for many reasons. First, crystalline selenium is a semiconductor with a
work function among the highest of all elements (-6 eV).4' 5'6 Selenium may even be considered
the first semiconductor in many respects because photoconductivity and the photovoltaic effect
were first discovered in selenium.7 The discovery of the photovoltaic effect was probably
directly due to the fact that the work function of selenium is so large that under normal
circumstances a rectifying barrier forms between it. Selenium was also the semiconductor of
choice for making electronic devices before the advent of silicon processing, so there is a wide
body of literature on selenium-based electronic devices. Work today continues in the field even
though the semiconductor composition has shifted from pure (or doped) selenium to copper-
indium-selenide semiconductors for solar cells. Secondly, all chalcogenide glasses incorporated
into multimaterial fibers thus far have been based on the glassy nature of selenium, so it is
reasonable to expect that pure selenium may itself be compatible with the fabrication method.
The material's melting temperature of -220 'C4 is certainly within the realm of composite fiber
processing. Finally, selenium is an unstable glass that may be amorphous or crystalline at room
temperature and is easily converted between the two. All of these traits make selenium an ideal
candidate for the semiconductor material in multimaterial rectifying fiber devices.
Although the stable chalcogenide glasses are based on the chain-like atomic structure and
glassy nature of selenium, the element itself readily crystallizes when above its glass transition
temperature of about 30 'C. As discussed in section 3.3.2.1, the viscosity of crystalline selenium
does not vary quasi-continuously with temperature as it does in amorphous materials. It behaves
more like a metal in the sense that it has a discrete melting temperature and an abrupt change in
viscosity at that point. The viscosity of liquid selenium is also different than metals, though,
because the chain structure of the molecules create entanglements that impart some viscosity to
the melt. Whether or not this viscosity (on the order of 100 Poise) is high enough that the
structure will be maintained during fiber drawing is another question. Hart developed a model
that predicted a film this viscosity but surrounded by a higher viscosity material could indeed be
maintained during fiber drawing as long as the film thickness did not drop below a particular
level. 8  Deng and this author showed experimentally that this minimum thickness is
approximately 100 to 200 nm in the fiber.9
The work on the minimum thickness of selenium films as well as the present work on
diode devices requires the determination of the optimal selenium alloy and polymer combination.
It was found that although PES fiber processing occurred at a sufficiently high temperature to
melt selenium, the consolidation temperature was also high enough that films of selenium within
PES preforms melted and dewet into droplets during preform consolidation. It was found that
the combination of pure selenium and PSU did not work either because although the
semiconductor film survived consolidation, it did not melt during drawing. As a result the
selenium films were not continuous in the fiber, even though they started that way in the
preform. A solution was found by alloying selenium with elements that depressed the melting
temperature. Potential alloying candidates included elements commonly used in chalcogenide
glass making: arsenic, germanium, sulfur, and tellurium. Arsenic and germanium exhibit three-
and four-fold bonding, respectively, and act as cross-linking agents in selenium's chain structure.
Their addition would be useful, because they would allow the selenium viscosity to be better
controlled. Germanium however is very difficult to thermally evaporate simultaneously with
selenium and is generally not preferred for applications involving the evaporation of thin films.
Sulfur and tellurium are candidates because they have some solubility in crystalline selenium.
Tellurium is completely soluble in selenium, but the addition of tellurium to selenium increases
the alloy melting temperature and is thus not suitable for the present application. The addition of
sulfur does depress the alloy melting temperature as desired and small amounts are completely
soluble in selenium (up to about 10 at% ). In the end it was found that the addition of 2 to 3 at%
sulfur depressed the alloy melting temperature just enough that it melted with PSU during fiber
drawing. Even though arsenic is also a potential candidate, arsenic is not soluble in crystalline
selenium and precipitates out as As2Se 3, and the amount of arsenic necessary to make a
noticeable increase in viscosity was found to be around 15 at%. Thus the addition of 3 at% sulfur
was found to be the best way to adapt selenium to fit the PSU processing regime with as little
modification as possible.
With a potential combination of semiconductor and insulator identified, a way to create
rectifying junction to the selenium must be found. Several test preforms composed of crystalline
Se97S3 and contacted by several combinations of metal alloys were made. The selected metals
were chosen based on their melting temperature, which as discussed in chapter 1, must be less
than the thermal fiber drawing temperature. Indeed, because the Se 97S3 alloy was found to be the
highest temperature alloy that could be drawn with PSU, the upper limit of metal melting
temperature must be close to that of Se97S3, or approximately 215 'C (see figure 3.5). Figure 4.4
shows the current voltage characteristics of these preform-level fiber devices.
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Fig. 4.4. Current-voltage characteristics of metal-Se97S3-metal devices (metal composition given
in at%).
Upon inspection of figure 4.4 it is immediately obvious that most combinations of metals result
in ohmic behavior despite the large work function difference between the metals (measured in
chapter 2 to between approximately 4 and 4.5 eV) and the crystalline selenium (found in chapter
3 to be between 5.3 and 6 eV). In fact only when one of the electrodes is Sn 85Zn15 (at%) do the
devices show any non-linear current-voltage behavior. This result is curious and will be
expanded upon later. For now it is sufficient to say diode behavior may be achieved with the
combination of Sns85Zn15 - Se 97S3. Additional fiber draws with different various counter
electrodes found that common lead-tin eutectic solder, Sn 74Pb26 (at %), functioned the best.
Having identified a set of materials that is compatible with the fiber fabrication method
and exhibits the desired rectifying behavior, we must now create the fiber structure and optimize
it for performance. Figure 4.5 shows the evolution of the diode fiber as new techniques were
developed to improve this performance. Initial devices were modeled after thin-film
photodetecting fibers developed by Dr. Fabien Sorin. 10 As described in chapter 1 these fibers are
constructed by wrapping a semiconductor film around a supporting polymer tube and then
sliding an additional polymer tube having slots cut out for the electrodes on top. More layers of
polymer film are wrapped around the semiconductor film and electrodes to form the final
protective cladding. The electrodes in these original devices were set 90 degrees from each other,
but the large distance between the electrodes results in a large series resistance. The first
attempts at reducing this series resistance resulted in the type of fiber shown in 4.5a. In this
device, two closely spaced sets of electrodes were built into the electrode tube by cutting spaces
into the tube with an endmill. In this original technique, the location of each cut was manually
positioned, resulting in non-uniformities between different electrode pairs within a single fiber
and different fiber draws. This non-uniformity can be eliminated and the distance between
electrode pairs can be slightly decreased if the electrode tube is positioned by an indexing device
that rotates the tube at specific angles (fig. 4.5b). Furthermore, positioning the film on top of the
electrodes instead of underneath the electrodes increases the amount of light incident on the
junction by reducing shadowing by the electrodes. Moving the film from the inside to the outside
of the electrodes was found to increase the photocurrent by 3-5 times.
Although the indexer can be used to position the cut locations on the tube very precisely,
it was found that decreasing the cut separation below 1-2mm was impractical because the lack of
mechanical support caused the remaining tube began to vibrate. These vibrations resulted in the
tool cutting jagged lines that did not contain the electrode well but can be eliminated by cutting
the electrode spaces directly into the inner support tube. As the electrode thickness is now much
smaller than the diameter of the tube, the walls next to the electrode spaces no longer vibrate
during cutting and the distance between electrodes can be decreased even further (fig. 4.5c). In
fact the electrode spacing can be decreased until the distance between electrodes at their outer
diameter is substantially different than their inner diameter (see SEM micrographs in 4.5c). At
this point the spacer walls start to be deformed by the electrodes and the number of short circuits
between electrodes increases substantially.
Fig. 4.5. Schematic diagrams and SEM micrographs of evolution of diode device fibers. (a)
Initial design based on previous thin-film photodetector fibers. (b) Placing the semiconductor
outside of the electrodes reduces shadowing and greatly increases photo-generated current, and
the device density can be increased. (c) Device density can be further increased by milling
electrode spaces into a thick tube rather than a thin tube. (e) Using semicircular electrodes
reduces the stress of metal on thin polymer spacers, increasing yield.
The solution to this problem is to use semi-circular electrodes. The curvature of the semi-
circular shape ensures that the nearest point between electrodes occurs only at the semiconductor
connection. With these techniques the spacing between electrodes can be decreased at the
preform level to 0.5mm and drawn down to 10-15 Lm in the fiber, more than an order of
magnitude smaller than all previous multimaterial fiber devices. Figure 4.6 shows a schematic
diagram of the final preform being drawn into tens of meters of fiber and magnifications of the
fiber and an individual electrode pair.
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Fig. 4.6. Schematic diagram and SEM micrographs of final design from preform to fiber.
4.4 Conclusions
The methods described in this chapter have been used to create the first arbitrarily long
in-fiber diode. A method was developed to introduce crystalline semiconductors into the fiber
while still preserving amorphous nature of the semiconductor. Further experiments revealed the
optimal combination of metals (SnssZn1 5 and Sn 74Pb26) and semiconductor (Se 97 S3). The preform
fabrication process was refined and the distance between electrodes decreased by an order of
magnitude from previous devices. Chapter 5 will characterize the performance of these in-fiber
crystalline diodes as well as determine the origin of the rectifying nature of the junction.
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Chapter 5: Multimaterial Rectifying Device Fiber Characterization
5.1 Introduction
Having developed a method of fabricating diode devices in the fiber, we must
now characterize them. This chapter describes the electrical characterization (using
standard current-voltage and capacitance-voltage measurement techniques) and metal-
semiconductor interface characterization (using energy dispersive spectroscopy and
Kelvin force microscopy) of the device used to understand the nature of the device. By
combining these techniques the origin of the rectifying behavior can be explained and an
electronic band diagram of the system constructed. Finally the applicability of the fiber
diode will be measured by several common photodetector metrics such as the
responsivity, detectivity, and frequency response.
5.2 Electrical Characterization
5.2.1 Background
Basic analysis of the electronic performance of this new diode device fiber
requires some background on the formation of rectifying barriers between metals and p-
type semiconductors and the equations that describe their behavior. The analysis
presented here is meant to give a cursory introduction to the idealized schottky junction
as it relates to the diode characterization in this chapter. The interested reader is referred
to other sources for in-depth explanation and analysis of rectifying behaviors.'
When two different materials are brought into intimate contact a driving force
develops to align their Fermi levels. This force is due to the difference in electronic work
function (the difference between the vacuum and Fermi levels) between the materials
which causes mobile electrons to diffuse from the lower work function material (which is
relatively electron rich) to the larger work function material and holes to diffuse in the
opposite direction. As the mobile carriers diffuse according to their concentration
gradient, they leave behind fixed compensating charges such as ionized dopants or metal
ions. An electric field develops between the fixed charges on either side of the material
boundary that opposes the diffusion-guided flow of carriers. In equilibrium the carrier
current due to diffusion is equal and opposite to the carrier flow due to electric field drift
and there is zero net current. The Fermi levels of the two materials are aligned and the
internal electric field results in a difference in potential between either side of the
junction, termed the built-in potential, equal to the magnitude of the materials' work
function difference. An approximation is typically made that area around the interface is
occupied solely by the ionized fixed charges and all the mobile carriers remain at the
edge of this depleted region. This is called the depletion approximation. The Poisson
equation gives the relationship between electrostatic potential, y, and total charge, qN:
d 2 y dF qN
dx 2  dx 8
where c is the dielectric constant and F is the electric field. In the general case of a p-
type semiconductor contacted to a lower work function metal, holes flow from the
semiconductor to the metal and leave behind fixed negative charges and electrons flow in
the opposite direction. Because the carrier density in metals is so much greater than in
semiconductors, only an infinitely thin layer of metal becomes depleted of mobile
charges while a larger volume of semiconductor will be depleted so that the total number
of charges on either side of the interface remains the same. Thus all relevant charge
distributions and band bending occur only on the semiconductor side. Setting the field to
zero outside the depletion region, wd, equation 5.1 can be integrated to give
dy = F = qN (x + wd ) . (5.2)dx C
The maximum electric field then occurs at the semiconductor metal interface (x = 0) and
is equal to
qN
Fm = wqN . (5.3)
The potential variation across the junction is found by integrated the electric field in
equation 5.2, giving
S= N (x + w ) 2 . (5.4)2e
The maximum potential is thus
qN 2 (w2. (5.5)2c
This is the built-in voltage of the device and is equal to the difference in work function
between the two materials (in the absence of interface states and other non-idealities).
When an additional potential is applied across the junction y is replaced by XVbi -V.
It is often of interest to measure the capacitance of the diode junction. The
capacitance per unit area of the junction is
. qNC= qN (5.6)
Wd 2(bi - V)
This may also be written as
= bi- V). (5.7)C2 qN
Thus the built-in voltage of the junction can be determined by measuring the capacitance
as a function of applied voltage, and the extrapolation of a plot of C-2 versus V to the x-
intercept yields Nybi. The slope of the plot may also be used to determine the number of
carriers as a function of depletion width:
_C2_ 2e S= .(5.8)
dV qN
In practice use of equation 5.8 is greatly complicated by the presence of interface states
and traps within the bulk of the semiconductor whose occupation will change as a
function of applied voltage. Figure 5.1 summarizes the spatial variation in charge (b),
electric field (c), potential (d), and energy (e) after an isolated metal and p-type
semiconductor pair (a) are brought into contact (e), remembering that the potential, xy,
equals -qE, where E is energy and that the valence and conduction bands must follow the
same trend because the bandgap of the semiconductor is fixed.
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Fig. 5.1. (a) The electronic structure of a p-type semiconductor and metal when they are
isolated from each other. When brought into electrical contact, mobile charges flow
according to their concentration gradient, but this flow is opposed by an electric field that
develops between fixed charges. The resulting charge distribution (b) causes an electric
field (c) and potential gradient (d) at the metal-semiconductor interface. The potential
change across the junction must be reflected in bending of the vacuum, valence, and
conduction bands of the semiconductor.
The current-voltage characteristics can be described by carrier emission over a
barrier. At equilibrium the current through the junction is given by the difference
between the current flowing over the metal 4 semiconductor barrier and the current
flowing over the semiconductor - metal barrier. It can be seen from geometrical
arguments that the minimum energy to overcome the metal-semiconductor barrier, OBp, in
both directions is equal to the difference between the metal work function and the
semiconductor valence band maximum,()m - (X + Eg), where x is the electron affinity or
conduction band minimum. This barrier is independent of applied voltage for carriers
leaving the metal, but the barrier seen by carriers leaving the semiconductor can be
changed by the applied voltage. Using Boltzmann statistics the number of carriers at a
given energy is proportional to the energy,
N oc N exp - barrierT (5.9)
where No is a constant, k is the Boltzmann constant, T is temperature. The current due to
emission over the barrier is related to the carrier velocity, v, and number of carriers, N, by
j = qvN. (5.10)
Thus the current from metal to semiconductor and vice versa can be written as:1
jIm-s = A**exp kT )(5.11)
s--M = A**exp (0,Pq) (5.12)
sm kT
Jnet = Js-m - Jm-s = A **exp -- exp qV -1l (5.13)
t.s kTL( tkTJ
where A** is called the Richardson constant, which takes into account all the
particularities of the situation such as the velocity, the carrier density of states and
effective mass. The current equation can be written in the more familiar form by
multiplying by the area of the diode to arrive at:
I= I exp {VkT}- (5.14)
where Io is the diode reverse saturation current. Under most conditions the 1 in 5.14 may
be neglected as qV > kT.
When the semiconductor is illuminated with photons having energy greater than
its bandgap, absorbed photons may cause electrons to be excited from the valence to
conduction band and electron-hole pairs are generated. If these carriers are generated
within regions having internal electric fields they will be separated and flow as current if
attached to an external load. Current also flows under voltage bias as in any diode. The
total current for a given applied load is the superposition of the diode current due to an
applied bias, I, and the photo-generated current, termed the short-circuit current, Is.C.,
because it is equal to the circuit current measured when the load resistance and applied
bias are both zero. No current flows when the external load is infinite. The
photogenerated carriers are still separated by the internal electric field but accumulate at
the edges of the internal electric filed and generate a voltage, called the open-circuit
voltage. The open-circuit voltage is ideally equal to the built-in voltage of the
semiconductor device but is often less due to non-idealities such as carrier recombination.
For small positive applied bias, V < Vo.c., the magnitude of the photocurrent due to the
internal electric field flowing in the direction opposite the applied voltage is greater than
the current due to applied bias. Thus the total current through the device flows in the
direction opposite of the applied bias, and the product of the current and voltage across
the device is negative, i.e. the device generates power rather than consuming it. This is
the regime in which solar cells are operated, and analysis of the current-voltage
characteristics of a device in this regime can give important insight in to the nature of the
device.
5.2.2 Experimental
Fiber diodes were constructed as described in chapter 4. Se97S3 was synthesized
from high purity elements using standard melt quenching technique. Elements in the
correct proportion were inserted into a quartz ampoule under inert atmosphere and then
transferred to a vacuum line for additional purification by sublimation of volatile oxides
(-2 hours at 1900 C). The ampoule was then sealed and inserted into a custom rocking
furnace where it was slowly heated to 5000 C and mechanically rocked over night to
ensure homogenization. The ampoule was then quenched in water, and the glassy
compound was removed.
The preform was fabricated by first milling semicircular slots into the outer
diameter of 11.1 mm (7/16") polyethersulfone (PSU) polymer tube (inner diameter =
5.0mm) with a Bridgeport endmill. Slot spacing and orientation was kept constant with a
digital indexer set to rotate the PSU tube at 240 increments. High purity wires of eutectic
Sn 74Pb26 and Sn 85Zn15 at% (Sn 63Pb37 and Sn 91Zn9 wt%) from the Indium Corporation of
Utica, NY were cut in half lengthwise and tightly fitted into the milled slots. A thick film
(-30ptm) of Se97S3 was thermally evaporated onto a PSU substrate and then wrapped
around the preform core so that the semiconductor and metal electrodes were touching.
Additional layers of PSU were then wrapped around the devices to impart mechanical
toughness. The resulting preform was fused into a single solid structure by heating under
vacuum at 230 0 C for 1 hour and then slowly cooled to room temperature. The completed
preform (having dimensions -26mm in diameter, 150mm in length) was then taken to an
optical draw tower where it was thermally drawn into tens of meters of fiber (nominal
diameter -Imm) at 2600 C.
5.2.3 Results and Discussion
The current-voltage characteristics per unit fiber length as a function of voltage
both in the dark and under illumination from a simulated solar source (AM1.5G) for a
typical fiber diode is given in figure 5.2. The Sn74Pb26 electrode is biased positive with
respect to the Sn 85Znl5 electrode in the forward direction (inset). Rectifying behavior is
clearly evident in the dark, the magnitude of which is limited by the device series
resistance arising from the lateral photodiode geometry. A short-circuit current and
open-circuit voltage (0.5V) develops under illumination, demonstrating the existence of
an internal electric field and suggesting future application as a distributed photovoltaic
device.
The capacitance as a function of voltage for several frequencies is given in figure
5.3, and the inverse square capacitance at 20 Hz is shown in figure 5.4. A large dispersion
in the C-V measurements at different frequencies is indicative of a large density of long-
lived trap states exist. Indeed the capacitance drops by more than two orders of
magnitude as the frequency of the AC signal increases, indicating that the number of
carriers that can move faster than I kHz is two orders of magnitude less than those that
can move at 20 Hz (because C=qN/V).
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Fig. 5.2. Current-voltage characteristics as a function of fiber length for a typical fiber
diode device in the dark (red) and under illumination (blue). The Sn74Pb26 electrode is
biased positive with respect to the SnssZnIs electrode in the forward direction (inset).
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Fig. 5.3. Capacitance as a function of frequency for a typical fiber
dispersion between measured capacitances indicates a large density
carriers for hundreds of milliseconds.
diode device. The
of states that trap
Extrapolating the data in figure 5.4 to the x-axis yields a built-in voltage of about 0.8 V.
The change in slope indicates a spatial variation in the carrier density, consistent with the
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existence of interface states at the metallurgical junction. These hypothesized states
would also a possible source of the long-lived trap states causing the dispersion in
capacitance observed in figure 5.2 and are often invoked to explain capacitance
dispersion in metal-oxide-semiconductor structures.1,2
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Fig. 5.4. Inverse square capacitance as a function of voltage for fiber diode device when
AC signal is 20 Hz.
Non-idealities and loss mechanisms can negatively affect the performance of
diode devices. Real devices have finite series resistances, exhibit loss-mechanisms such
as traps, carrier recombination, etc., and low-resistance or leaky pathways, termed shunts,
through the device that reduce the effective diode barrier. Including these factors, the
diode equation may be written as:3
SqV- Rseries V +  IRseries
exp nkT -1 -Is - , (5.15)
where n is an additional factor to account for non-idealities such as generation,
recombination, traps, etc, Rseries is the series resistance of the semiconductor, and Rshunt is
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the shunt resistance. The ideal maximum power that may be generated by a photovoltaic
device is equal to the product Is.c.Vo.,. but is typically less. The fill factor is the ratio of the
actual maximum power of a real solar cell and the ideal case:
FF- Imax Vmax . (5.16)
Is.c.Vo.. Pdeal
The power conversion efficiency of the solar cell may be written as
ISc.VoFF
7= .. . (5.17)
optical
To illustrate the effects of the series and shunt resistances on a diode under
illumination, figure 5.5 shows the current-voltage characteristics of a real diode under
AM1.5G simulated solar illumination in the power-generation regime.
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Fig. 5.5. Current-voltage characteristic of ideal diode
illumination. The effects of series and shunt resistances
factor and the total attainable power output as a solar cell.
and real diode device under
are shown to decrease the fill-
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In this fiber, the short-circuit current is 7.4 nA/cm and Vo.,. = 0.51 V. The
maximum power point occurs at Vmax = 0.27, Imax = -4.02 nA/cm where Pmax = 1.08
nW/cm. The fill factor for this fiber device is thus 29%. The current, and maximum
power output, that develops under illumination can be substantially limited by the series
resistance of the device. But the magnitude of the limitation depends on the initial
photocurrent. To illustrate this, figure 5.6 shows the relative efficiency of a hypothetical
diode (having built-in voltage of 1 V, Io = 2 nA, Rshunt = oo) as a function of series
resistance for different levels of photogenerated current. The magnitude of this current
may be due to either the surface area of the diode, different quantum efficiencies, photon
intensity, etc.
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Fig. 5.6. Relative efficiency for a hypothetical diode as a function of series resistance for
4 different short-circuit currents. The efficiency can be seen to drop off precipitately
when Rseries > Vbi / 's.c.
Given the dramatic decrease in efficiency observed for large series resistances
seen in figure 5.6 and the suggestion of some effect of the series resistance in the fill
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factor of the fiber diode (figure 5.5), it makes sense to estimate the maximum
photocurrent created by the device structure and compare with the fiber series resistance.
Over the fabrication of many fibers having different electrode spacings, the series
resistance of the fiber device under illumination has varied from 100kK2 to >10 MQ. The
short-circuit current in of these devices is typically between 5 and 10 nA/cm, essentially
independent of series resistance. This suggests that the observed short-circuit current is
determined by the device geometry and not limited by the series resistance. Indeed, the
lateral device geometry limits the active area of the diode to one diffusion length from the
junction depletion region rather than the entire distance between the electrodes. As the
diffusion length in typical polycrystalline selenium device is on the order of one micron
or less4,5 the power conversion efficiency is estimated to be around 0.01% because the
optical power in the AM1.5G simulated solar is 100mW/cm 2 or 10A/cm (for a l m
width).
Although the built-in voltage, determined by capacitance-voltage measurements,
is equal to approximately 0.8 V, the open-circuit voltage that develops under illumination
is typically only -0.5 V (the maximum observed Vo.e. = 0.57 V). There are many loss
mechanisms that can reduce the open circuit voltage. Dark current shunting is one of
them. Consider the case where the semiconductor absorption length is less than the total
film thickness as depicted schematically in figure 5.7. An intrinsic attribute of the lateral
device design such as in the fiber diode is that the distance between electrodes may be
much larger than the diffusion length of photogenerated carriers. Thus despite complete
illumination of the device, the actual width (x-direction) of the absorption area that
contributes to the photocurrent is limited by the carrier diffusion length. Furthermore,
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significant dark current flows opposite the photocurrent when the film thickness (y-
direction) is greater than the distance photons travel in the semiconductor, i.e. the
absorption length.
Jdiode Lx
Jdiode
Metal
Fig. 5.7. Schematic diagram of metal semiconductor junction. Although the device may
be uniformly illuminated, the photocurrent generating area (yellow hatched area) is
defined by the absorption length of photons in the semiconductor (y-direction) and the
diffusion length carriers may travel before recombination (x-direction). The red-hatched
area represents the active junction area.
We can describe this situation mathematically (neglecting the shunt resistance):
'total JLi =m JOL flm V - series -J LItt t =  fim  ilm exp q ries s z photocurrent , (5.18)
where J represents a linear current density, and L is the particular length scale of interest.
Typical film thicknesss, Lfilm, are 3-5 tm. The absorption depth of light into selenium can
be estimated from the Beer-Lambert law and the complex component of the
semiconductor's index of refraction,
I = Io exp -- y .(5.19)
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Crystalline selenium has a hexagonal structure and is optically birefringent. For X=532
nm the refractive index is 4.28-1.21i and 2.93-0.61i, for the two principle axes.6
Assuming no preferred orientation to the fiber device polycrystalline selenium, we can
estimate the effective complex component of the refractive index to be an average of the
two axes, so k = 0.91. Thus the length of semiconductor necessary to absorb 95% of the
incident light is approximately 150nm. Using this value for Lphotocurrent, in equation 5.18,
the change in open-circuit voltage for different film thicknesses can be calculated and is
shown in figure 5.8, assuming an arbitrary built-in voltage of 0.9 V. The figure clearly
shows that the Voc can be markedly reduced by the flow of dark current through the
device. Given that the semiconductor film in fiber is typically 3-5 ptm at the metal-
semiconductor interface, this shunting could explain a substantial proportion of the
discrepancy between the C-V measured built-in voltage and the I-V measured open-
circuit voltage.
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Fig. 5.8. Current-voltage characteristics for device having different film thicknesses less
than or equal to the absorption length of photons incident on semiconductor.
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The fact that the I-V and C-V characteristics suggest a one-sided device, i.e. a
device composed of one ohmic and one blocking barrier, may seem counterintuitive
because of the large work function difference between the semiconductor and metals.
Selenium is known to be a p-type semiconductor with a work function of between 5.3
(found in chapter 3) and 5.9 eV.6,7 While other elemental semiconductors such as silicon
and germanium have surface states that lead to a weak relationship between metal
semiconductor work function difference and barrier height, selenium shows a rather large
dependence. 7'8 The work function of the SnssZn15 and Sn 74Pb 26 were measured to be 3.9
eV and 4.2 and 4.2 and 4.5 by ultraviolet photoemission spectroscopy (UPS) and
scanning Kelvin probe in chapter 2. 9 Given the 1 to 2 eV difference in work functions
between both metals and the semiconductor, it seems especially surprising that each
metal-semiconductor junction behave differently. Because selenium is a p-type
semiconductor the polarity of the I-V and C-V measurements imply that the Sn 74Pb26 /
Se 97S3 junction behaves ohmically while the Se 97S3 / SnssZn15 interface forms the
blocking barrier. Furthermore, similar devices were fabricated with several other metal
electrodes, but only fibers containing Sn85sZnl 5 showed rectification (see chapter 4).
Greater understanding into the origin of the electronic behavior of these junctions may be
gained by direct examination of the composition and potential variation across the metal-
semiconductor interfaces.
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5.3 Band-diagram construction
5.3.1 Background
The spatial variation in surface potential may be directly measured by Kelvin
probe force microscopy (KPFM) and compared with compositional measurements
performed by energy dispersive spectroscopy (EDS). KPFM is a non-contact atomic
force microscope (AFM) based technique that enables the simultaneous measurement of
both topography and surface potential. Non-contact AFM, as in all AFM techniques
monitors the change in force between tip and sample based on Hooke's law of spring
force, Af = kAz, where Az is the tip displacement, and k is the spring constant of the
cantilever. The AFM tip is oscillated above the sample surface at a specific frequency
close to the resonance. Forces induced by changes in topography cause shifts in the
oscillating frequency. Software adjusts the tip to sample spacing to return the oscillation
to the original frequency and constructs maps of the surface based on the magnitude of
the tip change. KPFM takes the addition step of applying an oscillating voltage between
a conductive cantilever and the sample. As the conductive AFM tip vibrates above the
sample surface, a force is generated by the variable capacitance arising from the work
function difference between tip and sample (the contact potential difference, CPD) and
the oscillating tip-to-sample spacing. An electronic circuit monitors this force on the tip
and applies a bias to minimize it. The voltage at which the force is minimized is equal to
the CPD.
More rigorously, the electrostatic force between the AFM cantilever and the
sample can be written as
F, = CU2 , (5.20)
2 2Z
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where U is the potential between the tip and sample. This potential intrinsically contains
the contact potential and may also include additional, externally applied dc and ac
potentials, Ud, and Uac, respectively. Thus U can be written as
U= Ud + Uac sin(cot)- A(cpd (5.21)
q
where 02 is the frequency of the voltage oscillation. Substituting (5.21) into (5.20) and
using the double angle identity
cos(2u)= 1- 2sin2(u) (5.22)
the total force between tip and sample is the sum of three components
C (5.23)
F, (dc)= UDC _ AC (5.23)
aZ 2 q 4
(2) UDC - q )UAsin(2t) (5.24)
az q
BC U 2F,s(2) =+ AC 2 cos(2c 2t) (5.25)
aZ 4
Equation 5.23 shows that the force is minimized when the applied UDC equals the
difference in tip and sample work function, AD. Another AFM technique called scanning
capacitance microscopy makes use of equation 5.25. Using this equation it is seen that the
force at 202 is proportional to the local capacitance gradient.
KPFM may be run in the so-called amplitude-modulation (AM) and force-
modulation modes (FM). The force gradient, F/ Z, is detected in FM-KPFM modes.
The FM-KPFM modulation frequency is typically run a few kHz above the cantilever
resonance frequency, the frequency at which topography data is collected, to avoid cross-
talk between measurements as they both utilize the gradient in force to collect
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information. Typical modulation amplitudes, UAC, are on the order of 1-2 V peak-to-
peak. This method is highly sensitive to spatial variations in the contact potential because
the force gradient is being measured. However, the large modulation amplitude can
induce band-bending in semiconductors and other materials with low carrier
concentrations. The actual force between tip and sample is detected and minimized by an
external regulator in AM-KPFM. The frequency the KP modulation is typically
performed at the first overtone of the cantilever's natural resonance (02 - 6.27 resonance)
in order to maximize the signal to noise ratio. The typical amplitude is on the order of
100-200 mV peak-to-peak. Because the modulation amplitude is much smaller and the
frequency of modulation is much higher than in FM-KPFM, amplitude-modulation mode
is significantly less likely to cause local changes in the electronic structure of the sample
being measured and spurious results.10,11,12
Kelvin probe techniques are very sensitive to minor environmental changes, and
sufficient precautions must be made to ensure that the sample surface is prepared
properly. For best results, these measurements should be done in ultrahigh vacuum
(UHV) conditions on clean surfaces, as the work function is a surface property and highly
sensitive to such as oxides and adsorbates. Surfaces may be prepared by in-situ cleaving
or ion-sputtering. The researcher must be aware of how the surface is affected by both
these techniques. Ion sputtering generates fresh surface but also induces roughness,
anisotropic surfaces, and dangling bonds, each of which may also cause changes in the
local work function. The existence of dangling or unsaturated bonds is especially
important for semiconductors as the density of surface states can shift the Fermi level and
apparent work function considerably. Often the surface is cleaned by undertaking several
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"sputter-anneal" cycles in which the surface is sputtered and then thermally annealed to
remove as much ion-induced damage as possible. Care must be taken that the annealing
temperature does not cause sublimation of the sample or melting. In fact, it is not prudent
to anneal the fiber samples under high vacuum because the sublimation temperatures of
selenium, zinc, and lead are low. Sample cleaving may be performed when possible. This
method ensures that fresh surface is generated and is free of defects induced by
sputtering. It must be noted, however, that dangling bonds will nearly always exist at a
material surface.
Because the technique is so sensitive to only the topmost surface, quantitative
KPFM measurements can only be performed in ultra high vacuum conditions. Even
though fresh surface may be prepared for measurement, gas molecules will quickly begin
to adsorb to the surface and alter the contact potential. The time it takes for a complete
monolayer to form can be estimated, and this is often used as a measure of how low the
system pressure must be in order to maintain a clean surface throughout an experiment.
The flux of gas particles (molecules per cm 2 per second) incident on a surface is given
by13
f P (5.26)f r2zmkT
where p is the pressure, k is the Boltzmann constant, and m is the mass of the molecule.
The number of adsorbed particles per unit area, N, as a function of time, t, can be written
as
N = ftS (5.27)
where S is the sticking coefficient, or the probability that a molecule will stick to the
surface and not bounce off during a collision. Assuming an average lattice constant of
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about 5 A, there are about 1015 atoms/cm 2 and a gas particle can adsorb or react at each
lattice, the number of monolayers that form as function of time is
N,ono = 10-6ptS (5.28)
where pressure is in torr and time is in seconds. Thus for a sticking coefficient equal to
one, a single monolayer will form in one second at a pressure of 10-6. In practice, of
course, an experiment takes much longer than a second to complete and any
measurements done at this pressure would reflect the contact potential difference between
the tip and adsorbed layers. However, the time to form a monolayer increases to tens or
hundreds of minutes when the pressure is reduced to between 10-9 and 10-10 torr, and
measurements on the actual sample surface can be performed.
One must also note that Kelvin probe techniques only measure the difference in
tip and sample work functions. In order to determine the actual work function of the
sample, the tip work function must be determined by calibration to a known work
function surface (such as clean gold). The AFM tip must be cleaned of adsorbates and
contamination by heating under vacuum if the tip work function is to be truly known.
KPFM can be combined with other techniques to create an even deeper
understanding of sample surfaces. Energy dispersive spectroscopy (EDS) is a semi-
quantitative technique for mapping the composition of specimens with scanning electron
microscopy. In electron microscopy, high energy electrons (typically 4-10 keV) are
focused into a small beam and rastered across the specimen to be imaged. The
interaction between the electron beam and the sample generates a variety emitted
radiation, and suitable detectors collect the intensity of each type of radiation. Most
commonly, images of the surface exhibiting both compositional and topographical
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contrast are created by collecting electrons nearly elastically scattered (so called back-
scattered) or sample electrons excited and ejected by the incident beam (secondary
electrons). One type of inelastic scattering event that also occurs is the excitation of core
electrons within the sample and their subsequent relaxation and emission of x-rays. The
energy of the emitted photons is characteristic to the atom and even the atomic transition
between energy levels and thus can be used to identify the atom. EDS systems with x-ray
detectors and analysis software are readily available and can be easily integrated into
standard SEMs. With this technique qualitative, if not quantitative, chemical
composition maps can be created at the same time samples are imaged.
5.3.2 Experimental
Short sections of device fiber were mounted in epoxy and then cut into 1 mm
thick slices with a diamond wire saw. The final surface was prepared by ion polishing
with a JEOL cross-section polisher. EDS measurements were performed with a
Thermoelectron Corp. Noran system SIX attached to a JEOL 6700 Field Emission SEM.
KPFM measurements were performed with Omicron VT-AFM equipped with a Kevin
Probe control unit using a nanosensors Pt-Ir coated conductive tip (nominal resonance
-75 kHz). Kelvin signal was run at the first overtone of cantilever resonance with an
applied peak-to-peak voltage of 200mV. The tip work function was calculated by
determining the CPD between the tip and a clean polycrystalline gold surface, and the
sample work function was calculated by the relation, (Itip - (sample = CPD. Samples were
cleaned in-situ by argon-ion sputtering. Image analysis was performed with SPIP and
Gwyddion.
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5.3.3 Results and Discussion
Figure 5.9 presents the results of KPFM measurements (a-c) along with 
EDS
linescans of a similar junctions (d) for the Sn74Pb2 6 / Se97S3 junction. Topography 
(a) and
work function maps (b) are shown as well as representative line scans (c). 
A sharp
change in both topography and work function can be seen at the Sn74
Pb26 / Se 97 S3
metallurgical interface. The change in topography is due to relative 
difference in sputter
rates of the metal and semiconductor. The KPFM map and line 
scan shows the entire
potential change occurs over a 400 nm region at the interface. 
Simultaneously a small
increase in concentration of lead at the interface is revealed by EDS.
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Fig. 5.9. Surface potential and chemical composition of 
Sn 74Pb26 / Se97S3 junction.
KPFM-measured topography and work function maps are 
shown in (a) and (b),
respectively (scale bars equal 1 pm). Orange lines highlight metallurgical 
interface
between metal and semiconductor. Blue and red arrows correspond 
to location of
linescans in (c). EDS line scans show variation in composition across the 
metallurgical
junction in (d).
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Figure 5.10 shows the results of KPFM and EDS measurements on the Se97S 3 /
Sn 85ZnI5 interface. The spatial variation in work function can be seen to extend over 1.5
pm beginning with an abrupt change in contact potential at the 2.5 pm mark and then a
more gradual change into the semiconductor. The topography map, however, reveals the
metallurgical Se97S3 / SnsZn1 5 junction occurs roughly at the 1.1 LIm mark. EDS line
scans show a large increase in zinc concentration at the metallurgical interface.
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Fig. 5.10. Surface potential and chemical composition of Se97S3 / Sns85Znis junction.KPFM-measured topography and work function maps are shown in (a) and (b),respectively (scale bars equal 1 pm). Orange lines highlight metallurgical interfacebetween metal and semiconductor. Blue and red arrows correspond to location oflinescans in (c). EDS line scans show variation in composition across the metallurgicaljunction in (d).
The combination of the EDS and KPFM data suggest that electronic behavior of
the interfaces is guided by mixing and/or compound formation of the metal and
semiconductor. The Sn 74Pb26 / Se 97S3 junction behaves ohmically despite the large
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potential drop observed by KPFM. EDS demonstrates that this interface is not sharp, and
the presence of lead may also be a contributing factor. By itself, lead would be expected
to act as a p-type donor in selenium, increasing the carrier density at the interface,
possibly enough to create an ohmic tunnel junction. But the formation of small amounts
of PbSe, a small bandgap degenerate semiconductor, may also occur. Indeed, ohmic
contacts to large bandgap semiconductors are often made by introducing a small bandgap
material between the metal and semiconductor.' The Se 97S3 / Sn8sZnl5 interface is more
interesting. Even though the region in figure 2 between 1.1 and 2.5 Lm appears as though
it has the same topography as the metal, it must be composed of semiconductor because
the band bending clearly visible in the KPFM map cannot occur in high carrier density
metals. There are also two distinct regions of potential variation at the interface, as seen
in the KPFM linescan. There exists an abrupt change in work function at the 2.5 pm
mark followed by a more gradual change. This abrupt change may signify the existence
of a large number of interface states that could be expected from the non-lattice matched
interface. These states may also account for the observed capacitance dispersion as well
as the difference between the capacitance-measured built-in voltage and one that may be
expected by difference in semiconductor and metal work function. The EDS
measurements reveal the large change in zinc composition at the interface, suggesting
that this compound may be zinc selenide based. Indeed, although SnSe2 is another
semiconductor that may form in the presence of a liquid mixture of Se, Sn, and Zn. The
material's small bandgap (Eg = 1.0 eV) and similar ionization potential (I.P. = 6.2 eV) 14
to selenium (5.9-6.1 eV)7 15 means that magnitude of the observed open-circuit voltage
and built-in potential could not be explained by the presence of SnSe 2. Furthermore, there
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was no indication of compound formation at the Sn 74Pb 26 / Se 97S3 even though SnSe2
would be just as likely to form at either interface. A large bandgap semiconductor such as
zinc selenide (Eg = 2.7 eV, I.P. = 6.8 eV) 16 would however form a barrier to hole
conduction and explain the rectifying behavior. The formation of such a compound in
the fiber is notable because it means that many more materials can be built into fibers
than previously thought. Zinc selenide, for example, is finding more use in optical and
electronic devices 17 but melts at 1530 oC and thus would never have been considered as a
suitable material for thermal drawing at low temperatures. Expanding the number and
types of materials that may be incorporated into multimaterial fibers will lead to even
more types of junctions and device functions. One must simply identify compounds that
may be fluid processed together that could be converted to others.
A preliminary band diagram of the Se 97 S3 / ZnSe / Sn85ZnI5 structure can be
constructed by combining knowledge of the semiconductors' bandgap and electron
affinities with the observed change in contact potential. The discontinuity in valence and
conduction bands is determined from the standard equations for heterostructures based on
Anderson's model ' 1'8
AE c = qAX (5.29)
AE, + AE
, 
= AEg (5.30)
and the band bending can be inferred from the spatial variation in contact potential. The
proposed band diagram is given in figure 5.11 and clearly indicates how the large
discontinuity in the valence band at the Se97S3 / ZnSe interface would create a barrier to
hole flow. A large density of interface states is expected (dashed lines) at both interfaces
due to the large differences in lattice constant (asn = 5.83 A, CSn = 3.19 A ase= 4.36 A, CSe
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= 4.95 A, aznse = 5.67 A )6 between the materials and the observed dispersion in
capacitance measurements at different frequencies.
X a = 4 .2 0 .8
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Fig. 5.11. Band diagram constructed with from KPFM and EDS measurements. ZnSe
forms a barrier to hole injection from the semiconductor to the metal.
5.4 Photodiode Characterization
One of the largest uses of semiconductor devices is for their ability to convert
optical signals into electronic ones. It thus makes sense to characterize the performance
of these new fiber integrated diodes as photodetectors. In this section the most common
methods of measuring photodiode performance will be defined and then these metrics
will be measured for the newly developed fiber integrated diodes.
5.4.1 Background
Perhaps the simplest metric for characterizing a photodetector's performance is
the external quantum efficiency (or simply the quantum efficiency). This is defined as the
number of electrons collected at the electrodes for every photon incident on the device.
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i ph p hv (5.31)
EQE =q = q (5.31)
The efficiency may be further broken into other efficiencies, such as the absorption
efficiency, carrier excitation, and carrier collection efficiencies. The internal quantum
efficiency is defined as the number electrons collected per photon that is actually
absorbed by the device and is related to the external quantum efficiency by the amount of
light reflected off the device structure (R is the reflectivity coefficient), assuming
complete absorption by the semiconductor.
7 EQE = (1- R)rIQE. (5.32)
The responsivity, 91, defined as the number of amperes of current per incident watt of
optical power is another common metric
9 - Iph - EQEq .(5.33)
Top, hv
Generally researchers are interested increasing the sensitivity of the detectors so
that the smallest possible optical signal is detected. One important metric is the noise-
equivalent-power (NEP, expressed in W-Hz.5), or how much optical power is necessary
to create a signal that is above the noise level of the detector at a 1 Hz bandwidth. Noise
can be due to a number of sources. 19 Two common sources are due to scattering and
generation and recombination events. Noise due to random scattering arising from
thermal fluctuations,
4kTAv
i2ermal = (5.34)thermal
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where T is the temperature, Au is the bandwidth (typically taken to be 1), and Q is the
resistance. Random changes in the number of carriers due to generation and
recombination processes will also cause current fluctuations19
1
-R = 2qlAv= 2qIsa, 1+expT )Av. (5.35)
The current flowing through the device can be written simply as I or in the case of a
photodiode can be substituted with the reverse saturation current, Isat, multiplied by an
additional factor corresponding to the applied voltage. It can be seen from equation 5.35
that a reversed biased diode (V < 0) is desired for reducing the current and total noise in
the system. This is because recombination fluctuations are reduced as randomly
generated carriers are immediately swept out of the junction by the bias. Assuming that
the total noise is limited by the generation-recombination noise, and normalizing by a
bandwidth of 1 Hz, the NEP (W-Hzl /2) can be written as
NEP = 2 .(5.36)
The detectivity of the diode (D*, expressed in units of cmHzo.SW-1) is another measure of
sensitivity in which the NEP is normalized by the bandwidth and device area so that this
metric is entirely independent of testing conditions
D* = N .(5.37)
NEP
5.4.2 Experimental
The performance of the fiber devices fabricated in chapter four was measured in
the following ways. The responsivity of the fiber device at 530 nm was measured when
under -2 V reverse bias by measuring the change in photocurrent as the optical power is
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varied. The responsivity as a function of wavelength was determined by measuring the
photocurrent at each wavelength of light from a broadband lamp passing through a
monochromator and chopped at 40 Hz. This photocurrent was then normalized by the
response of a known silicon photodetector in the same regime as well as the calculated
responsivity at 530 nm. The frequency response at 530 nm was measured by modulating
the amplitude of a LED light source with a square wave and measuring the difference in
photocurrent between the high and low states with an oscilloscope.
5.4.3 Results and Discussion
As might be expected, the responsivity of the fiber device was found to increase
with applied bias (in both the forward and reverse directions) due to increased electric
field within the device. For an applied 2 V reverse bias, the responsivity and external
quantum efficiency were found to be 8.6 mA/W and 2%, respectively. The NEP was
calculated from the responsivity and the measured dark current and found to be 4.7 pW
Hz-1/2. The responsivity as a function of wavelength is shown in figure 5.12. A maximum
in the responsivity is seen at 450 nm. The observed decrease in responsivity at shorter
wavelengths is due to the shorter penetration depth of higher energy photons and an
increase in density of trap states and recombination centers at the polymer semiconductor
interface. 20 The low energy (high wavelength) cut-off occurs at a wavelength of about
650 nm, corresponding to the bandgap of selenium of - 1.9 eV.
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Fig. 5.12. Responsivity variation with wavelength for fiber diode biased at -2 V.
The frequency response of the fiber diode under -2 V bias is given in figure 5.13.
An abrupt decrease in photoresponse occurs at 1 kHz. This is the so-called 3 dB
frequency where the photoresponse will decrease by a factor of two from the initial value
and begins to roll off at a rate of 20 dB per decade, i.e. for an increase in frequency by a
factor of 10, the amplitude of the signal decreases by a factor of 10. This sets a practical
limit on how fast the device can be modulated. Taking the device area into account and
setting the bandwidth to 1 kHz, the detectivity is found to be 5.6x10" , better than the
best amorphous thin-film photodetectors even though the dark current is much higher in
the diode device.
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Fig. 5.13. Frequency response of fiber diode at 530 nm and under reverse bias.
5.5 Conclusions
In this chapter, the electrical properties of the new multimaterial rectifying device
fibers were measured. Using a combination of standard electrical characterization
techniques (including I-V and C-V measurements) as well as EDS compositional analysis
and Kelvin probe force microscopy, an electronic band diagram was constructed that
clearly shows how the formation of a ZnSe based compound at the Se97S3 / Sns85Zni5
interface can act as a barrier to carrier flow and form the basis of the rectifying behavior.
Identification and characterization of this compound formation is a major achievement of
this thesis and in multimaterial fiber processing in general because it shows that many
more materials can be incorporated into the fibers than previously thought and should
lead to the ability to create significantly more complex devices and structures in the
future.
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The diode fiber was also characterized as a photodetector. The external quantum
efficiency was found to be about 2%, and the responsivity was found to be acceptable.
The noise equivalent power, detectivity, and frequency response were also measured at
530 nm and show that the performance of this new rectifying device fiber is at least as
good as all other previous fiber devices even though the series resistance is significantly
lower (and hence the dark noise is much larger).
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Chapter 6. Suggested Future Work and Conclusions
6.1 Introduction
It is expected that the work described in this thesis will form a strong foundation for
future development of optoelectronic device fibers. This chapter will suggest areas of future
work to improve the performance of the diode fiber and device fibers in general by both
improving on the materials currently used as well as introducing new materials into the fibers.
On the device level, examples of how the diodes can be combined into simple circuits will be
given to motivate both the development of increasingly complex circuits and how the fabrication
techniques developed in this work are making it possible to incorporate new types of devices into
the fiber. Finally, the principle results of this work will be summarized.
6.2 Materials considerations
Significant effort should be expended in better understanding the origin of the trap states
that control the capacitance behavior and how they can be reduced. Some of these states are
expected to be inherent to the structure due to the large difference in lattice constant between the
Se 97S3 and ZnSe semiconductors and Sn 85Zn15 metal, but others may be due to the trap states
within the semiconductors themselves due to inadvertent dopants or grain boundaries. Simple C-
V profiling as described in chapter 5 can give some idea into the density of carriers but the
presence of trap states within the bulk semiconductor as well as at the interface can severely
complicate interpretation of the results. Several capacitance techniques have been developed
over time to study the nature of these defect states including admittance spectroscopy,' drive-
level capacitance profiling (DLCP), 2 and deep-level transient spectroscopy (DLTS)3 . In
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admittance spectroscopy the capacitance of a junction is measured at various temperatures and
frequencies. At low temperatures or high frequencies trap states become "frozen" and either
there is not enough thermal energy or time for carriers to be emitted from traps. DLCP is a
powerful and straightforward measurement technique that is sensitive to only bulk states within
the semiconductor, allowing one to begin to separate the effects of interface and bulk states.
DLTS measures transients in capacitance as a junction is modulated in and out of equilibrium.
The method gives a wealth of information but is more difficult to implement in practice. Work
should be undertaken through a series of these techniques to understand the location and origin
of the defect states in the fiber device and whether or not they can be reduced.
Another potential source of reduced device performance could be related to
discontinuities in the selenium film. In practice, there are a large number of open circuits in the
Sn 74Pb26 / Se 97 S3 / Sn 85Zn15 devices, and the yield of functioning fiber diodes is quite low. This
is believed to be substantially due to the low material viscosity during drawing, which allows the
semiconductor film to "dewet" and pull away from metal interfaces. It is believed that even the
fiber sections demonstrating electrical continuity between electrodes do not have uniform
semiconductor films along their length. Thus the series resistance of the devices may be
noticeably improved by increasing the semiconductor viscosity during drawing such that there is
greater continuity between electrodes. Decreasing the molecular mobility of atoms in the
semiconductor during drawing necessarily reduces their mobility during the lower temperature
annealing step, and the post-drawing crystallization time will be expected to increase. An
extreme example of this is seen in the original devitrification experiments with As40Se 52Te 8,
which required more than a week of annealing to induce the phase change. Identifying a
semiconductor composition that exhibits some increased viscosity during drawing but still
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retains the ability to be easily devitrified may be found without much effort. Germanium and
arsenic function as cross-linkers within a selenium network and therefore increase the melt
viscosity. The addition of germanium has been found to reduce the photocurrent efficiency, and
thus is not recommended for inclusion. By testing a series of As-Se compositions, it is thought
that a compromise composition may be found that increases melt viscosity enough to improve
the yield and series resistance of fiber devices without sacrificing too much in terms of annealing
time or any other electronic properties.
A large change in density during crystallization is a related consequence of the
semiconductor's viscosity and phase changing nature. Indeed the density of selenium changes
from 4.28 g cm -3 in the amorphous state to 4.79 g cm-3 when crystalline, suggesting the material
undergoes a dramatic change in volume of more than 10% during phase transitions.4 Such
changes can introduce substantial stress in the system depending on the adhesion of the
semiconductor to its boundaries. For example, simple calculation using COMSOL ®
Multiphysics suggest that the induced stresses can reach 1 GPa if the boundary between metal
and semiconductor is fixed. This value of stress is much larger than experimentally measured
yield stress in amorphous selenium (-40 MPa) 5, and large-scale mechanical failure in the
semiconductor might be expected. After extensive surveys of fiber cross-sections, this fracture is
not observed. While mechanical failure after crystallization is not observed, the formation of
large voids is. These voids are expected relieve the crystallization-induced stress by reducing the
total volume of semiconductor and are expected to form easily because devitrification occurs at
high temperatures compared to the glass transition, meaning that the atoms are able to easily
rearrange into lower energy configurations. The formation of these voids is expected to have a
similar impact on the device's electronic properties as the low drawing viscosity, whereby
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reductions in electrical continuity increase series performance and voids at the Se 97 S3 / Sn 85Zn15
interface especially impact performance by substantially reducing the active device area (i.e. the
area less than a diffusion length away from the Se 97S3 / Sn 85Zn1 5 junction). Electronic defects
due to changes in lattice and density are well known in the field of phase changing
semiconductors and are the subject of much work. The most common method of reducing the
stress or failure is to use adhesion layers already under stress, such as Ti.6,7 Park et al have tried
to limit the stress by controlling oxygen diffusion into the structure, as well.8 These techniques
may be useful in reducing the stress in the fiber devices. Changes in the typically annealing
program should also be considered, as one may be able to identify a method of controlled void
formation at locations away from the junction.
New materials may be incorporated into the fibers to either improve current diode
performance or create new devices. The method of ZnSe compound formation in the fiber is not
unlike the formation of silicides at silicon and metal interfaces that have revolutionized
microelectronics 9 and suggests that many more materials can be built into these composite fibers
than previously thought. Zinc selenide has many interesting optical and electronic properties10
but melts at 1530 'C and thus would never have been considered as a suitable material for
thermal drawing at low temperatures where only materials that melt in a narrow range of 200-
300 'C have been previously considered. It is likely that other technologically relevant
compound semiconductors such as CdSe, CdTe or In 2Se3 may be incorporated into fibers with a
similar method. These semiconductors in particular are used in photovoltaic cells because of
their ideal absorption characteristics and electronic properties. One must only identify
compounds that may be fluid processed together that could be converted to others. For example,
the CdSe semiconductor may form when drawing the same Se 97S3 semiconductor with a
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cadmium-containing electrode such as the eutectic Sn 67.8Cd 32 .2 ( in wt%, Tm = 177 'C ). The
ionization potential (i.e. valence band maximum) and bandgap of CdSe are 6.62 and 1.75 eV,
respectively.1 Because I.P.CdSe > I.P.se, this combination of materials may also form an
interesting diode structure. Furthermore, because the bandgap of CdSe is almost 1 eV smaller
than that of ZnSe, there may be a noticeable improvement in carrier conductivity as well as
increased absorption area within the device. InSe may form when metallic indium is drawn with
selenium, as well. It was found in chapter 4 that the combination of indium and selenium did not
form a rectifying barrier like the Se97S3 / Sn85Zn 5s pair, but this does not exclude the possibility
of compound formation because the semiconductor bandgap and ionization potential must also
be considered. The electron affinity and band gap of InSe is approximately 4.55 eV and 1.25,
respectively, 12 and the difference in conduction and valence bands between InSe and Se would
not be expected to form a barrier to carrier conduction in the same way as the Se 97S3 / ZnSe
heterojunction does.
In addition to identifying new compounds that may be formed by the semiconductor/
metal reaction, future work should focus on addressing other material needs in the fiber devices.
Among the most needed of materials is a transparent, conductive polymer that can be used as a
transparent electrode in photodetector fibers. The development of such a material would make it
possible to create large area sandwich structures of semiconductor between the transparent
polymer and the recently developed (and optically black) carbon-loaded polycarbonate. Such a
structure would reduce dimensions between electrodes and significantly reduce the device series
resistance. If this new material would be combined with a photodiode structure, it would enable
the power output of the device to be substantially increased (by both reducing the series
resistance and increasing the absorption area) perhaps enough to bring the fiber performance of
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commercial viability. Conducting polymers are in fact used extensively in many organic
optoelectronic devices. However little is known about their thermo-mechanical properties as they
are generally processed only in the solution state. Just loading small graphitic particles into
polycarbonate has been found to dramatically increase the composite conductivity without
harming the polymer's thermal processing characteristics, it may be feasible to introduce
transparent conductive particles into a polymer matrix. Semiconductors such as indium oxide,
indium tin oxide, and zinc oxide have electronic bandgaps greater than 3 or 4 eV, so they are
effectively transparent at visible wavelengths and made conductive by adjusting their
composition or doping. Identifying a suitable solvent that both disperses nanoparticles of these
oxides and dissolves the polymer should make it possible to cast a transparent conducting
polymer with the thermal properties of the host polymer.
The incorporation of high aspect ratio carbon nanotubes into polymer matrices has also
been found to result in composites with both transmissivity in the visible and high
conductivity. 13,14 This is typically achieved by dispersing the nanotubes in a polymer solution
through sonication, and care must be taken to identify the solvents that result in the greatest
dispersion. This process may also be improved by treating the nanotubes with acids or bases to
reduce aggregation." 5 It just so happens that the polymer matrix in these works were selected to
be amorphous thermoplastics like polycarbonate and PMMA (polymethyl methyacrylate) that
have already been drawn in multimaterial fibers. Thus it is expected that the incorporation into
fibers should be relatively straightforward. One potential difficulty that may arise may be due to
the fact that the drawing process is naturally orienting and may cause the randomly distributed
nanotubes to align along the fiber length and lose electronic continuity in the radial direction.
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6.3 Building new devices and circuits in multimaterial fibers
As part of the vision of developing optoelectronic device fibers is the ability to build
complex circuits into fibers it makes sense to evaluate the potential use of these diode device
fibers as circuit elements. The fiber design allows many diode devices to be built into a single
cross-section, and these may be combined into different types of circuits. For example, by
combining to diodes in parallel, the total short-circuit photocurrent of the system is then the sum
of the individual photocurrents. This is clearly visible in figure 6.1 which displays the I-V
characteristics of two separate diodes and when the two are strung in parallel under illumination.
The short-circuit current is clearly increased by placing them in parallel, while the open-circuit
voltage does not change. This effectively increases the total power output of the fiber and
increases its utility as a solar cell. Note that the open-circuit voltage did not change in this case.
This occurs when the diodes have the same Vo.,. and are said to be matched. This is important
because the open-circuit voltage of string of photodiodes in parallel will be equal to the lowest
Vo.c. of the system. When the diodes are strung in series it is the Vo.c. that adds, and the current is
limited by the highest resistance diode.
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Fig. 6.1. Current-voltage characteristics under illumination for two separate diodes (red and
blue) and then when the diodes are placed in parallel (black)
Diodes may also be placed back-to-back from each other in a configuration that is similar
to a bipolar junction transistor (BJT). When in this configuration, they act as a constant current
regulator over a small voltage range, as can be seen in figure 6.2. This design is not the same as a
BJT because transistor amplification occurs when carriers from the emitter diffuse into the base
and are swept into the collector junction. In this way the collector current is amplified by the
application of voltage to the base (which biases the base-emitter junction). This does not occur in
the back-to-back diode configuration because the 'base' in this configuration is the metal contact
in which all carriers immediately recombine and do not diffuse to the other junction.
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Fig. 6.2. Fiber diodes connected back-to-back demonstrating current regulating capabilities.
One common use of a diode is to rectify A/C oscillations. When a sinusoidal voltage
(centered on zero) is applied, the current through a diode is expected to vary from large (forward
biased) to small (reverse bias regime). The ability to rectify oscillations decreases with frequency
as carrier's ability to respond to changes in voltage decrease with speed. Figure 6.3 shows the
rectified signal (red) of an input sine wave (blue) at several frequencies. While the diode clearly
functions as a rectifier at very low frequencies, the effect is clearly minimal for frequencies as
low as 100 Hz. The figure is further confirmation of the long-lived trap discussed in chapter 5,
and emphasizes how future work on the topic should focus on understanding the origin of these
states and how their concentration can be reduced.
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Fig. 6.3. Modulated current as a function of applied voltage for multimaterial diode fiber. In a
normal diode the resistance in the forward and reverse directions are small and large,
respectively, so that current essentially flows only when the voltage is applied in a specific
direction.
In addition to combining devices into circuit, further work should focus on introducing new
types of devices into the fiber. Metal-semiconductor-metal devices that function as simple
resistors have already been developed. The two most common elements that are still missing are
capacitors and inductors. It is thought that incorporating capacitors into fiber should be
relatively straightforward as metals and insulators have been easily built into the fiber for quite
some time. Creating fiber-integrated inductors may be less straightforward as it requires the
longitudinal symmetry be broken to create a helical metal structure. Some initial work in this
direction has been done. By building a motor-controlled rotating preform holder, the preform
orientation may be changed during thermal drawing, breaking the z-axis symmetry of the fiber.
Figure 6.4 shows a photograph of such a preform holder and photographs of several fibers
having tin electrodes twisting around the core at different pitches. Not only may this new type of
fiber fabrication lead to development of simple inductors, it creates the possibility of inducing
magnetic fields inside of fibers for either particle guidance or modifying the optical properties of
materials within the fiber. As2Se 3, for example has a large Verdet coefficient, meaning that the
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polarization of photons passing through the glass is highly susceptible to being rotated by the
application of a magnetic field.
Fig. 6.4. (a) Photograph of rotating preform holder. A computer-controlled stepper motor rotates
the preform during fiber drawing breaking the longitudinal symmetry in the resulting fiber. (b)
Photographs of fibers with different pitches of tin wires created by rotating the preform holder at
different rates.
Having developed resistors, inductors, capacitors, and diodes, the single remaining major
circuit element is the transistor, which forms the basis of all modem electronics. The ability to
incorporate transistors into multimaterial fibers and connect them together to create logic
elements would be a boon to the development of fiber-integrated circuits and "computers". In
fact, transistors were built into the fibers after initial development of the post-drawing annealing
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process which reduced the semiconductor defect density to a level that an observable
accumulation of charges and increase in conductivity could be observed when an electric field
was applied through a gate structure. Figure 6.5 shows the initial field-effect transistor (FET)
design and the field-induced change in conductance that can created after annealing. While this
initial work is very exciting, the large spatial dimensions of the structure results in very large
turn-on voltages (300 V) and non-ideal behaviors.
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Fig. 6.5. (a) Schematic design and SEM of FET fiber transistor. (b) Change in drain-
source current with 300 volts applied to gate compared to zero volts for both the as-drawn fiber
(gray) and the annealed fiber (red). The annealing increases order and crystallinity in the fiber,
reducing the density of defects and enabling carrier accumulation to occur (figure courtesy S.
Danto and F. Sorin).
The performance of the FET fiber is expected to be substantially improved by decreasing
the device dimensions through some of the fabrication techniques developed in this thesis as well
as using semiconductors that can be crystallized for shorter times. An example of new structures
and their electronic properties is given in figure 6.6. In this structure, a field effect is observed
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when just 20 volts are applied to the gate. Further refinements in the device structure are
ongoing.
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Fig. 6.6. (a) SEM micrograph of thin FET structure. (b) Change in drain-source current with
applied gate voltage. Carrier accumulation and the concomitant increase in conductivity is
observed for gate biases as low as 20 V. (inset) Schematic diagram of new FET structure
utilizing fabrication techniques developed in this thesis (figure courtesy O. Shapira).
6.4 Conclusions
During the course of this thesis the first fiber-integrated rectifying junctions and diodes
have been fabricated. This achievement required substantial effort in materials selection and
characterization beyond the original thermal compatibility considerations of previous device
fibers. For example, in addition to using the metallic electrodes for current extraction, their
electronic properties such as work function must be considered. The work function of several
alloys compatible with the multimaterial fiber drawing process was measured by two methods
and found to vary over 600 meV. New methods of incorporating crystalline semiconductors
were developed by creating a post-drawing annealing process that enables one to harness both
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the ideal thermal properties of the amorphous state and the enhanced electronic properties of the
equilibrium crystalline state. A set of metals and semiconductors were identified that exhibited
both rectifying and ohmic properties when connected in a fiber geometry. New techniques in
fiber fabrication were developed that led to a decrease in device dimensions by an order of
magnitude from early fiber device designs enabling the fabrication of fiber diodes exhibiting
clear rectification and a photovoltaic effect. The fiber diode's electronic properties were
characterized by a series of electrical and photodectector measurements. EDS and KPFM were
utilized to determine that a reaction between the Se97S3 semiconductor and SnssZn 15 metal
resulted in a ZnSe interfacial barrier whose large bandgap and large ionization potential forms a
barrier to hole injection from the semiconductor to the metal resulting in the rectifying behavior.
Future work is suggested that may lead to improved performance of this new diode as well as
ideas on how to incorporate new materials and new device structures into multimaterial fibers to
further the vision of intelligent fibers and fabrics for large area signal processing and detection.
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